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Abstract
Recent years have witnessed many exciting breakthroughs in neutrino physics. The detection of
neutrino oscillations has proved that neutrinos are massive particles but the assessment of their
absolute mass scale is still an outstanding challenge in today particle physics and cosmology. Since
low temperature detectors were first proposed for neutrino physics experiments in 1984, there have
been tremendous technical progresses: today this technique offers the high energy resolution and
scalability required to perform competitive experiments challenging the lowest electron neutrino
masses. This paper reviews the thirty-year effort aimed at realizing a calorimetric measurements
with sub-eV neutrino mass sensitivity using low temperature detectors.
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1. Introduction
Almost two decades ago, the discovery of neutrino flavor oscillations firmly demonstrated that
neutrinos are massive particles [1]. This was a crucial breach in the Standard Model of fundamental
interactions which assumed massless neutrinos. Flavor oscillations show that the three active
neutrino flavor states (νe, νµ, and ντ ) are a superposition of three mass states (ν1, ν2, and ν3), and
allow to measure the difference between the squared mass of the neutrino mass states; but they
are not at all sensitive to the absolute masses of the neutrinos.
Today, assessing the neutrino mass scale is still an outstanding task for particle physics, as the
absolute value of the neutrino mass would provide an important parameter to extend the Standard
Model of particle physics and understand the origin of fermion masses beyond the Higgs mechanism.
Furthermore, due to their abundance as big-bang relics, neutrinos strongly affect the large-scale
structure and dynamics of the universe by means of their gravitational interactions, which hinder
the structure clustering with an effect that is dependent on their mass [2, 3]. In the framework of
ΛCDM cosmology (the model with Cold Dark Matter and a cosmological constant Λ), the scale
dependence of clustering observed in the Universe can indeed be used to set an upper limit on the
neutrino mass sum mΣ =
∑
imi, where mi is the mass of the νi state. Depending on the model
complexity and the input data used, this limit spans in the range between about 0.3 and 1.3 eV [4];
more recently, by combining cosmic microwave background data with galaxy surveys and data on
baryon acoustic oscillations a significantly lower bound on the neutrino mass sum of 0.23 eV has
been published [5], although this value is strongly model-dependent.
The oscillation discovery and the accurate cosmological observations revived and boosted the
interest in neutrino physics1, with the start of many ambitious experiments for different high pre-
cision measurements and the rate of publishing papers increased by almost an order of magnitude;
but in spite of the enhanced experimental efforts very little is known about neutrinos and their
properties. Several crucial pieces are still missing, in particular: the absolute neutrino mass scale,
the neutrino mass ordering (the so-called mass hierarchy), the neutrino nature (Dirac or Majorana
fermion), the magnitude of the CP (charge and parity) violation phases, and the possible existence
of sterile neutrinos.
1This is also confirmed by the Nobel Prizes in Physics awarded in the years 2002, 2008 and, very recently, 2015.
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This paper is devoted to the assessment of the absolute neutrino mass scale, and in particular
to the direct measurement of the electron neutrino mass via calorimetric experiments. After a brief
overview of our present picture for massive neutrinos, I will introduce both the theoretical and the
experimental issues involved in the direct determination of the neutrino mass, and discuss past and
current calorimetric experiments, with a focus on experiments with low temperature detectors.
2. The neutrino mass pattern and mixing matrix
Most of the existing experimental data on neutrino oscillations can be explained by assuming
a three-neutrino framework, where any flavor state νl (l = e, µ, τ) is described as a superposition
of mass states νi (i = 1, 2, 3), or
|νl〉 =
∑
i
Uli|νi〉 (1)
where Uli is the 3× 3 Pontecorvo-Maki-Nakagawa-Sakata unitary mixing matrix (see e.g. [6]). As
a consequence, the neutrino flavor is no longer a conserved quantity and for neutrinos propagating
in vacuum the amplitude of the process νl → νl′ is not vanishing.
The Uli mixing matrix is parametrized by three angles, conventionally denoted as Θ12, Θ13
and Θ23, one CP violation phase δ, and two Majorana phases α1, α2 – these two have physical
consequences only if neutrinos are Majorana particles, i.e. identical to their antiparticles, but do
not affect neutrino oscillations. To these six parameters – three angles and three phases – the
three mass values mi must be added also, for a total of nine unknowns altogether. In the years,
oscillation experiments measuring the flux of solar, atmospheric, reactor, and accelerator neutrinos
have contributed to precisely determine many of these unknowns.
Figure 1: In a three-neutrino scheme, the oscillation parameters measured by the various experi-
ments paint two possible scenarios regarding the neutrino mass ordering: Normal Hierarchy (left)
and Inverted Hierarchy (right). The absolute scale is not accessible by presently available data.
The oscillation probabilities depend, in general, on the neutrino energy, on the source-detector
distance, on the elements of the mixing matrix, and on the neutrino mass squared differences
∆m2ij ≡ m
2
j −m
2
i . At present, the three mixing angles and the two mass splittings, conventionally
∆m221 (from solar neutrino oscillations) and ∆m
2
31 (from atmospheric neutrino oscillations), have
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been determined with reasonable accuracy [1]. However, the available data are not yet able to
discriminate the neutrino mass ordering. It proves convenient to assume m1 < m2, so ∆m
2
21 > 0;
with these choices, ∆m221 ≪ |∆m
2
31|
∼= |∆m232| and we are left with two possibilities: either
m1 < m2 < m3 (normal ordering, i.e. ∆m
2
31 > 0) or m3 < m1 < m2 (inverted ordering, i.e.
∆m231 < 0)
2. In both schemes, there is a Quasi-Degeneracy (QD) of the three neutrino masses
when m1 ≃ m2 ≃ m3, with mi ≫
√
∆m231 ≃ 5 × 10
−2 eV. Depending on the value of the lightest
of the mass values, the neutrino mass ordering can also follow a Normal Hierarchy (NH), with
m1 ≪ m2 ≪ m3 (in which m2 ≃
√
∆m221 and m3 ≃
√
∆m231), or an Inverse Hierarchy (IH),
with m3 ≪ m1 < m2 (in which m1 and m2 are quasi-degenerate) – see Fig. 1. As a final remark,
as shown in Fig. 3, independently of the mass scheme, oscillation results state that at least two
neutrinos are massive, with masses larger than
√
∆m221 ≃ 8.7× 10
−3 eV.
Most of the oscillation data are well described by the three-neutrino schemes. However, there
are a few anomalous indications (the so-called reactor neutrino anomaly) [7] that cannot be accom-
modated within this picture. If confirmed, they would indicate the existence of additional neutrino
families, the sterile neutrinos. These neutrinos do not directly participate in the standard weak
interactions and would manifest themselves only when mixing with the familiar active neutrinos.
Future reactor experiments will test this fascinating possibility.
Assessing the neutrino mass ordering, i.e. the sign of |∆m231|, is of fundamental importance not
only because it would address the correct theoretical extension of the Standard Model, but also
because it can impact on many important processes in particle physics (like neutrinoless double beta
decay). In addition, the phase δ governing CP violation in the flavor oscillation experiments remains
unknown, and a topic of considerable interest [8]. A worldwide research program is underway to
address these important open issues in the near future by precise study of the various oscillation
patterns.
The oscillation experiments, however, are not able to access the remaining unknown quantities,
i.e. the absolute mass scale and the two Majorana phases. Their determination is the ultimate
goal of nuclear beta decay end-point experiments and neutrinoless double beta decay searches.
3. Weak nuclear decays and neutrino mass scale
Fundamental neutrino properties, in particular its absolute mass and its nature, can be in-
vestigated by means of suitable weak decays, where flavor state neutrinos are emitted along with
charged leptons and/or pions. There are two complementary approaches for the measurement of
the neutrino mass in laboratory experiments: the precise spectroscopy of beta decay at its kinemat-
ical end-point, and the search for neutrinoless double beta decay. Though the expected effective
mass sensitivity for neutrinoless double beta decay search is higher, this process implies a strong
model-dependence since it requires the neutrino to be a Majorana particle.
Direct neutrino mass measurement, by analyzing the kinematics of electrons emitted in a beta
decay, is the most sensitive model independent method to assess the neutrino mass absolute value3.
The beta decay is a nuclear transition involving two nuclides (A,Z − 1) and (A,Z)
(A,Z − 1)→ (A,Z) + e− + νe (2)
2Compare also with Fig. 3.
3Analogue measurements involving pion or tau decays give much weaker limits on mνµ or mντ .
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where A and Z are, respectively, the mass and atomic numbers of the involved nuclei. Neglecting
the nuclear recoil, the kinetic energy E0 available to the electron and anti-neutrino in the final
state is given by
E0 = Eβ + Eν =M(A,Z − 1)−M(A,Z) = Q (3)
where M indicates the mass of the atoms in the initial and final state.
In practice, this method exploits only momentum and energy conservation: it measures the
minimum energy carried away by the neutrino – i.e. its rest mass – by observing the highest
energy electrons emitted in this three body decay. To balance the energy required to create the
emitted neutrinos, the highest possible kinetic energy Eβ of the electrons is slightly reduced. This
energy deficit may be noticeable when measuring with high precision the higher energy end (the
so-called end-point) of the emitted electron kinetic energy distribution Nβ(Eβ ,mνe). If one neglects
the nucleus recoil energy, Nβ(Eβ,mνe) is described in the most general form by
Nβ(Eβ,mνe) = pβEβ(E0−Eβ)
√
(E0 − Eβ)2 −m2νeF (Z,Eβ)S(Eβ)[1+ δR(Z,Eβ)]θ(E0−Eβ −mνe)
(4)
where F (Z,Eβ) is the Coulomb correction (or Fermi function) which accounts for the effect of
the nuclear charge on the wave function of the emitted electron, S(Eβ) is the form factor which
contains the nuclear matrix element M(Eβ) of the electroweak interaction and can be calculated
using the V-A theory, and δR(Z,Eβ) is the radiative electromagnetic correction, usually neglected
due to its exiguity. θ is the Heaviside step function, which confines the spectrum in the physical
region (E0 − Eβ − mνe) > 0. The term pβEβ(E0 − Eβ)
√
(E0 − Eβ)2 −m2νe is the phase space
term in a three-body decay, for which the nuclear recoil has been neglected; pβ is the electron
momentum. For the sake of completeness, it is worth noting that the particle emitted in the
experiments considered here is the electron anti-neutrino νe. Since the CPT theorem assures that
particle and antiparticle have the same rest mass, from now on I will speak simply of “neutrino
mass” both for νe and νe. Moreover, it must be stressed that since the effect of the neutrino mass
in nuclear beta decay is due purely to kinematics, this measurement does not give any information
on the Dirac or Majorana origin of the neutrino mass.
From oscillation experiments, we know that any neutrino flavor state is a superposition of mass
states. Therefore, (4) can be generalized as
Nβ(Eβ ,mνe) = R(Eβ)
3∑
i=1
|Uei|
2
√
(E0 − Eβ)2 −m
2
i θ(E0 − Eβ −mi) (5)
where R(Eβ) is a term which groups all terms in (4) which do not depend on the neutrino mass,
|Uei| is the electron row of the neutrino mixing matrix, and mi are the masses of the neutrino mass
states. The square root term is the part of the phase space factor sensitive to the neutrino masses.
An example of the resulting spectrum is shown in Fig. 2.
Since the individual neutrino masses are too close to each other to be resolved experimentally,
the measured spectra can still be analyzed with (4), but the quantity
mνe ≡ mβ =
√√√√ 3∑
i=1
|Uei|2m2i . (6)
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Figure 2: Expected electron spectrum following β decay. Blue curve: expected spectrum in the
case mνe = 0. Red curve: expected spectrum in the case mνe = 200meV. The red dashed curves
show the contributions to the total spectrum from the three mass states, with the mass differences
driven by present values of
√
∆m221 and
√
∆m231 [1].
should now be interpreted as an effective electron neutrino mass, where the sum is over all mass
values mi. Therefore, a limit on mνe implies trivially an upper limit on the minimum value mmin
of all mi, independent of the mixing parameters Uei: mmin ≤ mνe , i.e. the lightest neutrino
cannot be heavier than mνe . By using currently available information from oscillation data [1], it
is possible to formulate the values of the neutrino masses (and of mνe as well) as a function of
the lightest mass, i.e. m1 in the Normal Hierarchy (NH) and m3 in the Inverted one (IH). This
is done in Fig. 3, which shows that in the case of NH the main contribution to mνe is mainly due
to m2. In the case of IH, mνe has practically the same value of m1 and m2. Finally, in the case
of QD spectrum mνe ≃ m1 ≃ m2 ≃ m3 in both schemes. From the figure it is also clear that the
allowed values for mνe in the two mass schemes are quite different: in the case of IH there is a
lower limit for mνe of about 0.04 eV, while in the NH this limit is of about 0.01 eV. Therefore, if
a future experiment will determine an upper bound for mνe smaller than 0.04 eV, this would be a
clear indication in favor of the NH mass pattern. Finally, Fig. 3 shows that the ultimate sensitivity
needed for a direct neutrino mass measurement is set at about 0.01 eV, the lower bound in case
of NH. However, if experiments on neutrino oscillations provide us with the values of all neutrino
mass-squared differences ∆m2ij (including their signs) and the mixing parameters |Uei|
2, and the
value of m2νe has been determined in a future search, then the individual neutrino mass squares
can be determined
m2j = m
2
νe −
3∑
i=1
|Uei|
2∆m2ij (∆m
2
ij = m
2
i −m
2
j) (7)
On the other hand, if only the absolute values |∆m2ij| are known (but all of them), a limit on m
2
νe
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Figure 3: Effective electron neutrino mass mβ as a function of the lightest mass in both NH and
IH mass schemes. The values of all three mass states are also plotted for comparison.
from beta decay may be used to define an upper limit on the maximum value mmax of mi
m2max ≤ m
2
νe +
∑
i<j
|∆m2ij | (8)
In other words, knowing |∆m2ij| one can use a limit onmνe to constrain the heaviest active neutrino.
At present, the most stringent experimental constraint onmνe is the one obtained by the Troitzk
[9] and the Mainz [10] neutrino mass experiments, mνe < 2.05 eV at 95%C.L.: this falls in the QD
region for both mass schemes.
Another type of weak process sensitive to the neutrino mass scale is the neutrinoless double
beta decay (ββ-0ν), a second order weak decay that violates the total lepton number conservation
by two units, and whose existence is predicted for many even-even nuclei
(A,Z)→ (A,Z + 2) + e−1 + e
−
2 (9)
The search for ββ-0ν is the only available experimental tool to demonstrate the Majorana character
of the neutrino (i.e. ν ≡ ν¯). In fact, the observation of ββ-0ν always requires and implies that
neutrinos are massive Majorana particles [11]. However, there are many proposed mechanisms
which could contribute to the ββ-0ν transition amplitude, and only when the ββ-0ν is mediated
by a light mass Majorana neutrino the observed decay is useful for determining the neutrino mass.
In this case the measured decay rate is given by
1
τ0ν1/2
=
m2ββ
m2e
FN (10)
where τ0ν1/2 is the ββ-0ν decay half-life, me is electron mass, and mββ is the effective Majorana
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mass, defined below. The nuclear structure factor FN is given by
FN = G
0ν(Qββ, Z)|M
0ν |2 (11)
where G0ν is the accurately calculable phase space integral, andM0ν is the nuclear matrix element
which is subject to uncertainty [12]. At present, the discrepancies among different nuclear model
calculations ofM0ν amount to a factor of about 2 to 3. These reflect on FN and are an unavoidable
source of systematic uncertainties in the determination of mββ from the experimental data. Mea-
suring the lifetime of different isotopes would allow to disentangle the model dependency linked to
the exact mechanism causing the ββ-0ν and to reduce the systematic uncertainties on mββ.
If the ββ-0ν decay is observed, and the nuclear matrix elements are known, one can deduce the
corresponding mββ value, which in turn is related to the oscillation parameters through
mββ =
∣∣∣∣∣
3∑
i=1
|Uei|
2mie
iαi
∣∣∣∣∣ (12)
Due to the presence of the unknown Majorana phases αi, cancellation of terms in (12) is possible,
and mββ could be smaller than any of the mi. Therefore, unlike the direct neutrino mass mea-
surement, a limit on mββ does not allow to constrain the individual mass values mi even when the
mass differences ∆m2ij are known. On the other hand, the observation of the ββ-0ν decay and the
accurate determination of the mββ value, would not only establish that neutrinos are massive Ma-
jorana particles, but would contribute considerably to the determination of the absolute neutrino
mass scale. Moreover, if the neutrino mass scale would be known from independent measurements,
one could possibly obtain from the measured mββ also some information about the CP violating
Majorana phases [13].
Given the present knowledge of the neutrino oscillation parameters, it is possible to derive
the relation between the effective Majorana mass and the lightest neutrino mass in the different
neutrino mass schemes. This is done in a number of papers (see e.g. [14]). Fig. 4 shows the effective
Majorana mass as a function of the effective electron neutrino mass in both the NH and IH mass
schemes, demonstrating the complementarity of the two methods.
As a final remark, ββ-0ν and β decays both depend on different combinations of the neutrino
mass values and oscillation parameters. The ββ-0ν decay rate is proportional to the square of a
coherent sum of the Majorana neutrino masses because the process originates from exchange of a
virtual neutrino. On the other hand, in beta decay one can determine an incoherent sum because
a real neutrino is emitted. That shows clearly that a complete neutrino physics program cannot
renounce either of these two experimental approaches. The various methods that constrain the
neutrino absolute mass scale are not redundant but rather complementary. If, ideally, a positive
measurement is reached in all of them (ββ-0ν decay, β decay, cosmology) one can test the results
for consistency and with a bit of luck determine the Majorana phases.
4. The direct neutrino mass measurement via single nuclear beta decay
As already pointed out, the most useful tool to constrain kinematically the neutrino mass is
the study of the “visible” energy in single beta decay. The experimental beta spectra are normally
analyzed by means of a transformation which produces a quantity generally linear with the kinetic
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Figure 4: Relationship between the effective Majorana massmββ and the effective electron neutrino
mass mβ for both IH (blue) and NH (red) mass schemes. The width of the bands is caused by the
unknown Majorana phases.
energy Eβ of the emitted electron
K(Eβ) ≡
√
Nβ(Eβ ,mνe)
pβEβF (Z,Eβ)S(Eβ)[1 + δR(Z,Eβ)]
= (E0 −Eβ)
(
1−
m2νe
(E0 − Eβ)2
)1/4
(13)
The graph of this quantity as a function of Eβ is named Kurie plot. In a Kurie plot, each bin has
the same error bar and therefore the same statistical weight.
Assuming massless neutrinos and infinite energy resolution, the Kurie plot is a straight line
intersecting the X-axis at the transition energy E0. In case of massive neutrino, the Kurie plot
is distorted close to the end-point and intersects with vertical tangent the X-axis at the energy
E0 −mνe . The two situations are depicted in Fig. 5.
Most of the information on the neutrino mass is therefore contained in the final part of the
Kurie plot, which is the region where the counting rate is lower. In particular, the relevant energy
interval is δE ≈ mνe and the fraction of events occurring here is
F (δE) =
∫ E0
E0−δE
Nβ(E,mνe=0)dE ≈ C
(
δE
E0
)3
(14)
where C is a constant of order unity which depends on the details of the beta transition. From
this it is apparent that kinematical mass measurements require beta decaying isotopes with the
lowest end-point energy. Tritium is one of the best and most used isotopes thanks to its very low
9
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Figure 5: 3H Kurie plot close to the end-point, computed for neutrino masses equal to 0 (blue)
and 1 eV (red), and an energy resolution σE of 0 (full line) and 0.5 eV (dashed line).
transition energy, E0 = 18.6 keV; nonetheless, the fraction of events falling in the last 5 eV of the
tritium spectrum is only 4× 10−11.
Every instrumental effect such as energy resolution or background will tend to hinder or even
wash out this tiny signal. In Fig. 5 the effect on the spectral end-point of an energy resolution of
0.5 eV is shown. This distorts the Kurie plot in the opposite way with respect to the neutrino mass
effect. It is therefore mandatory to evaluate and/or measure the detector response function, which
includes the energy resolution but is not entirely determined by it. Finally, the analysis of the final
part of the Kurie plot is complicated by the background due to cosmic rays and environmental
radioactivity. Because of the low beta counting rate in the interesting region, spurious background
counts may affect the neutrino mass determination.
The possibility to use beta decay to directly measure the neutrino mass was first suggested
by Fermi [15] in 1934, but the first sensitive experiments where performed only in the ’70s. The
first experiments were the one of Bergkvist [16, 17] and the one of the ITEP group [18], both
of which used magnetic spectrometers to analyze the electrons emitted by tritium sources. This
experimental approach has clear advantages such as 1) the high specific activity of tritium, 2) the
high energy resolution and luminosity of spectrometers, and 3) the possibility to select and analyze
only the electrons with kinetic energies close to E0.
In the ’80s and through the ’90s, experiments with spectrometers using tritium were reporting
largely negative m2νe [19] (see Fig. 6) or even an unlikely finite value of about 35 eV [18]. These
were all signs of under- or over- corrected instrumental effects which were causing systematic shifts
[20, 21]. In fact, despite the relative conceptual simplicity of the kinematic direct determination of
the neutrino mass, it has been soon recognized that there are many subtle effects which threaten
the accuracy of these measurements. Some are related to beta decay itself, since the atom or
the molecule containing the decaying nucleus can be left in an excited state, leading even in this
10
Figure 6: Historical trend of the m2νe measured with spectrometer using tritium (taken from [24]).
case to dangerous distortions of the Kurie plot (see § 5.1). Other are due to the scattering and
absorption of the electrons in the source itself. And last but not least, systematic effects are also
caused by the imperfect characterization of the detector response. In the past 30 years many
experiments using tritium were performed. Starting from the ’90s, magnetic spectrometers were
gradually abandoned for electrostatic retarding spectrometers with adiabatic magnetic collimation
[22, 23]. Many improvements in the detectors, in the tritium source, and in the data analysis and
processing allowed to constantly improve the statistical sensitivity and to minimize the systematic
uncertainties, as it is shown in Fig 6. Today, owing to a continuous and strenuous investigation
of all experimental effects and systematic uncertainties, the m2νe measurements reported by the
two most sensitive experiments [9, 10] are compatible with a zero mass, with the systematic errors
reduced to the same level of statistical ones.
Nevertheless, today direct neutrino mass measurements remain affected by an intrinsic poten-
tial bias. As it already happened in the past, in a sensitive experiment small miscorrections of
instrumental effects may again either mimic or cancel the traces of a small positive neutrino mass.
A weak unexpected effect not included in the data analysis may compensate and hide the signal of
a small mass within the statistical sensitivity of an experiment, which would therefore report a m2νe
nicely compatible with the null hypothesis and thus quote just an upper limit. On the other hand,
in a future experiment with a statistical sensitivity approaching the range predicted by oscillation
parameters a slightly excessive correction for an expected effect could mimic the signal for a tiny
mass which would not contradict the community expectations. For these reasons, direct neutrino
mass measurements call for a continuous crosscheck from different independent experiments to
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confirm both positive and negative findings.
Already in the ’80s when the negative squared masses and the positive claim from ITEP were
puzzling the neutrino community, A. De Rujula proposed the use of other beta decaying isotopes
with low decay energy. In [25] it was noticed the 187Re has an endpoint around 2 keV, much more
favorable than the one of tritium. This isotope was at that time discarded because of its long
half life around 109 years. The focus of [25] was therefore on the isotope 163Ho, which decays by
Electron Capture (EC) with a very low transition energy. In the EC process [26]
(A,Z) + e− → (A,Z − 1) + νe (15)
the available decay energy is
Q =M(A,Z)−M(A,Z − 1) (16)
where M indicates the mass of the atoms in the initial and final state. Neglecting the nuclear
recoil, the energy Q is shared between the neutrino and the radiation emitted in the de-excitation
of the daughter atom
Q = Eν + EX (17)
Here EX includes the energy of X-rays, Inner Bremsstrahlung photons, and Auger and Coster-
Kronig electrons emitted in the atomic de-excitation of the daughter atom and adds up the binding
energy of the captured electron, allowing for a small indetermination due to the natural width of
the atomic energy levels. Because of energy conservation, the end-points of the spectra of these
electrons or photons – where the massive neutrino emitted in the EC is at rest – is sensitive to
the neutrino mass. It is worth noting here that the kinematics of EC decay probes the mass the
neutrino νe whereas the regular beta decays which probes the mass of the anti-neutrino νe but, as
already recalled above, the CPT theorem warrants the equality of these quantities.
In particular, two measurements were discussed in 1981 for the 163Ho isotope: the end-point of
the IBEC (Inner Bremsstrahlung in EC) spectrum [25]
163Ho→ (163DyH
∗
+ νe)→
163 DyH
′
+ γ(k) + νe (18)
and the end-point of SEEEC (Single Electron Ejection in EC) spectrum [27]
163Ho→ (163DyH
∗
+ νe)→
163 DyH1H2 + e− + νe (19)
Even if at that time the Q of 163Ho EC was largely unknown, this decay was already considered
very promising for a sensitive neutrino mass measurement, since it was clear that the Q value is
one of the lowest available. Both processes (18) and (19) start with a first intermediate atomic
vacancy H∗ caused by the EC, where the ∗ reminds that the state is not necessarily on-shell. The
energy of the vacant state has its own natural width. Because of the low Q value, this first vacancy
H can be created only in one of the M1, M2, N1, N2, O1, O2, or P1 shells of the Dy daughter
atom.
In the IBEC process (18) a photon is emitted during the virtual transition of an electron from
H′ to the intermediate state H∗, from which the electron was captured. For each possible final
vacancy H′, and for mνe = 0, the spectrum of the emitted photons is not made of mono-energetic
lines at k = E(H′) − E(H∗), where E(H) is the ionization energy of the H shell in Dy, but is
a continuum with a kinematic limit k ≤ kH
′
max = Q − E(H
′), and the total photon spectrum is
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therefore a superposition of several spectra with different end-points. The spectral end-points
follow the three-body statistical shape
NH
′
(k) ∝ k(kH
′
max − k)
√
(kH′max − k)−m
2
νe (20)
In general, since the IBEC is a second-order effect, its intensity is very low. However, the photon
emission may experience large resonant enhancements for photons with energies kres equal to the
ones of the characteristic X-ray transitions of the daughter atom. In particular, A. De Rujula has
shown for 163Ho that when H′ is one of the N1, N2, O1, O2 shells then the dominant resonance close
to the end-point is with the X-ray transitions H′ →M1, that is when the intermediate vacancy of the
virtual transition H corresponds to the M1 shell. In this case the distance between the resonance
and the end-point is kH
′
max − kres = Q − E(M1), which for
163Ho is equal to a few hundreds
electronvolts. Unfortunately, calculations [28, 29] showed that with a Q at around 2.8 keV, an IBEC
measurement with 163Ho is not going to be statistically competitive with the tritium experiments,
also because of complex destructive interference patterns.
The SEEEC process (19) is the analogous of the IBEC with the role of the IB photon played
by an Auger (or Coster-Kronig) electron. The spectrum of the ejected electron is a continuum
with an end-point at EH1H2max = Q−E(H1)−E(H2), for mνe = 0. Also in this case, the kinematics
of a 3-body decay process applies, and a phase space term pνEν appears in the spectral shape
of ejected electrons. The continuous spectra show many resonances for different combinations of
H,H1 and H2, but close to the end-point the dominant ones result from the M1 capture and are
at Eres = E(M1) − E(H1) − E(H2). These resonances provide an enhancement of the spectrum
close to end-point, thereby increasing the statistical sensitivity to mνe . The inclusive spectrum of
all the ejected electrons is quite complicate because of the many possible end-points EH1H2max and
resonance peaks: nevertheless, the authors in [27] argue that the end-point region of this spectrum
is unaffected by all the atomic details, since it is dominated by the upper tails of few resonances
and maintains its usable sensitivity to mνe , although the estimated F (∆E), depending on the Q
value, may be substantially lower than for tritium.
One stressed advantage of IBEC and SEEEC measurements is that, unlike what happens in
tritium beta decay, the probability of atomic excitations in the final state – such as shake-up or
shake-off processes – is strongly suppressed and estimated to be < 1/Z2 (see also § 7.4).
More than 30 years later, none of the above suggestions has been successfully exploited to
perform an experiment with a competitive sensitivity on mνe . Of the various attempts to perform
an IB end-point measurements [30, 29, 31, 32, 33], only the one of P.T. Springer [29] reported a
limit on mνe of about 225 eV obtained by fitting the end-point of the X-ray spectrum.
Most of the measurements performed on 163Ho to directly measure the neutrino mass followed
instead another proposal from C.L.Bennett et al. [34] in 1981. In [34] it is suggested that mνe
and the transition energy Q can be determined or constrained by measuring the ratios of absolute
capture rates4
λi/λj = (nipν,iEν,iβ
2
i Bi)/(njpν,jEν,jβ
2
jBj) (21)
where neutrino momentum pν,i is given by
p2ν,i = (Q−Ei)
2 −m2νe = E
2
ν,i −m
2
νe (22)
4A better treatment includes Ci factors for the nuclear shape factor.
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ni is the fraction of occupancy of the i-th atomic shell, βi is the Coulomb amplitude of the electron
radial wave function (essentially, the modulus of the wave function at the origin), and Bi is an
atomic correction for electron exchange and overlap. Following this idea, practically all the exper-
imental researches on EC of 163Ho so far focused on the atomic emissions - photons and electrons
contributing to EX in (17) - following the EC and used the capture ratios to determine the Q
value [30, 35, 36, 29, 31, 32, 33, 37]. Unfortunately the accuracy achieved for mνe and Q with this
method is adversely affected by the limited knowledge of the atomic parameters in (21).
As repeatedly underlined by A. De Rujula and M. Lusignoli [38], there is one experimental
approach to the measurement of the neutrino mass from the 163Ho EC which overcomes all the
difficulties above: the calorimetric measurement of all the energy released in the EC (EX in (17))
except for the energy of the neutrino. This will be discussed in § 7.1.
Today all expectations for a new direct measurement of the neutrino mass with a substantially
improved statistical sensitivity are directed to the KATRIN experiment [39]. KATRIN uses a large
electrostatic spectrometer which will analyze the tritium beta decay end-point with an energy
resolution of about 1 eV and with an expected statistical sensitivity of about 0.2 eV. KATRIN
reaches the maximum size and complexity practically achievable for an experiment of its type
and no further improved project can be presently envisaged. As an alternative for the study of
tritium end-point, Project8 proposes a new experimental approach based on the detection of the
relativistic cyclotron radiation detection emitted by the beta electrons [40], which is presently
under development [41].
5. Calorimetric measurements
5.1. General considerations
In the global effort to cure the weaknesses of direct neutrino mass measurements with spec-
trometers yielding negative m2νe which started to show up since the ’80, J.J. Simpson first proposed
the calorimetric approach [42]. In an ideal calorimetric experiment, the source is embedded in
the detector and therefore only the neutrino energy escapes to detection. The part of the energy
spent for the excitation of atomic or molecular levels is measured through the de-excitation of
these states, provided that their lifetime be negligible with respect to the detector time response.
In other terms, the kinematical parameter which is effectively measured is the neutrino energy Eν
(or E0−Eν), in the form of a missing energy, a common situation in experimental particle physics.
The advantages of a calorimetric measurement are 1) the measurement of all the energy temporar-
ily stored in excited states, 2) the absence of source effects – such as self-absorption, and 3) the
lack of backscattering from the detector. The effect of final states on the tritium beta spectrum
was discussed throughly in many works [21, 43, 19]. In the following for simplicity we consider
the so-called sudden approximation or first order perturbation of an atomic tritium beta decay,
neglecting the sum over the mass eigenstates mi. Due to the excited final states, the measured
beta spectrum is a combination of different spectra characterized by different transition energies
E0 − Vi, where Vi is the energy of the i-th excited state
Nβ(Eβ ,mνe) ≈
∑
i
wipβEβ(E0 − Eβ − Vi)
2
(
1−
m2νe
(E0 − Eβ − Vi)2
)1/2
F (Z,Eβ)S(Eβ) (23)
with wi describing the transition probability to the final i-th excited state. The spectral shape
induced by the excited states is misleading when one tries to extract the value of the neutrino mass.
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Figure 7: These plots compare the effect of a final excited state (V1 = 1 eV and ω1 = 0.1 eV) on
the beta spectrum as measured with a calorimeter (blue) and with a spectrometer (red), and the
effect of m2νe= 1 eV (green). The fractional spectrum deviation is the quantity 1−N
∗(Eβ)/N(Eβ),
where N∗(Eβ) and N(Eβ) are respectively the observed beta spectra with and without excited
final state.
Assuming that the neutrino mass is null and summing up over all the final states, from equation
(23) one obtains
Nβ(Eβ , 0) ≈ pβEβ(E0 − Eβ − 〈Vi〉)
2
(
1 +
〈V 2i 〉 − 〈Vi〉
2
(E0 − Eβ − 〈Vi〉)2
)
F (Z,Eβ)S(Eβ) (24)
which approximates the single beta spectrum (4) with a negative squared neutrino mass equal to
−2σ2 < 0, where σ is the variance of the final state spectrum given by σ2 = 〈V 2i 〉 − 〈Vi〉
2 (Fig. ??),
and with an end-point shifted by 〈Vi〉.
In case of tritium atom, the Shro¨dinger equation can be solved analytically and one gets
σ2 =740.5 eV2. In all the other cases, the final state distributions are estimated numerically.
The situation changes completely in the calorimetric approach. Even in this case the observed
spectrum is a combination of different spectra. It can be obtained by operating the following
replacements
Eβ → E
′
β = Eβ − Vi
pβ = (E
2
β −m
2
e)
1/2 → p′β =
(
(Eβ − Vi)
2 −m2e
)1/2 (25)
motivated by the distinguishing feature of the calorimeters to measure simultaneously the beta
electron energy and the de-excitation energy Vi of the final state.
By combining (23) and (25) one gets
Nβ(Eβ ,mνe) ≈ (E0 − Eβ)
2
(
1−
m2νe
(E0 − Eβ)2
)1/2
15
∑
i
wi(Eβ − Vi)
(
(Eβ − Vi)
2 −m2e
)1/2
F (Z,Eβ − Vi)S(Eβ − Vi)
Observing that F (Z,Eβ − Vi)S(Eβ − Vi) ≈ F (Z,Eβ)S(Eβ) and expanding in a series of powers of
Vi/Eβ , one obtains
Nβ(Eβ ,mνe) ≈ pβEβ(E0 − Eβ)
2
(
1−
m2νe
(E0 −Eβ)2
)1/2
F (Z,Eβ)S(Eβ)
∑
i
wi
(
1−
Vi
Eβ
−
ViEβ
E2β −m
2
e
+
V 2i
2(E2β −m
2
e)
)
(26)
Apart from the sum term, for a null neutrino mass the equation (26) describes a beta spectrum
with a linear Kurie plot in the final region (Eβ ≫ Vi); Fig. 7 shows as the influence of the excited
final states on the calorimetric beta spectrum is confined at low energy. Therefore, a calorimeter
provides a faithful reconstruction of the beta spectral shape over large energy range below the
end-point . This is not true for spectrometers for which the measured spectrum at the end-point
presents a deviation of the same size of that caused by a finite neutrino mass. Furthermore it is
apparent from Fig. 7 as the presence of an excited state causes the spectrum of a spectrometer to
mimic a lower E0 along with a negative m
2
νe . The possibility to observe a substantial undistorted
fraction of the spectrum is very useful to check systematic effects and to prove the general reliability
of a calorimetric experiment.
As a general drawback, calorimeters present a major inconvenience which may be a serious
limitation for the approach. In a calorimeter, the whole beta spectrum is acquired and the detector
technology poses important restrains to the source strength. This in turns limits the statistics that
can be accumulated. The consequences on the achievable statistical sensitivity are discussed in the
next section. First of all the counting rate must be controlled to avoid distortions of the spectral
shape due to pile-up pulses. Then the concentration of the decaying isotope maybe not freely
adjustable. For example at the time of J.J. Simpson experiments, the only way to make a sensitive
calorimetric measurement was to ion implant tritium in semiconductor ionization detectors such as
Si(Li) or High Purity Ge. There is however a trade off between the required tritium implantation
dose – i.e. the tritium concentration – and the acceptable radiation damage. The tritium activity
is then limited by the detector size in relation to its energy resolution.
This first generation of calorimetric experiments exploited Si(Li) or Ge detectors with implanted
tritium, but suffered for their intrinsic energy resolution which is limited to about 200 eV at 20 keV.
With these experiments a limit on mνe of about 65 eV was set [42]. At the same time, these
experiments showed that the calorimetric approach does not cancel all the systematic uncertainties.
As it was already recognized by J.J. Simpson in [42], one source of systematic uncertainty relates
to the precise evaluation of the resolution function of these solid states detectors. The resolution
function is obtained through X-ray irradiation from an external source. The response of the
detector may be different for X-rays entering the detector from one direction and the betas emitted
isotropically within the detector volume. Moreover, the beta emission is localized in the deep region
of the detector where an incompletely recovered irradiation damage may lead to incomplete charge
collection, while X-ray interactions are distributed in the whole detector volume.
Soon it became clear that calorimeters may also be affected by solid states effect. The “17 keV
neutrino saga” [44, 45] started off from an unexpected feature observed first by J.J. Simpson in
the low energy part of the tritium spectrum measured with the implanted Si(Li) detectors [46].
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While a neutrino with a mass of 17 keV was finally deemed inexistent and the observed kink
ascribed to a combination of various overlooked instrumental effects in spectrometric experiment
[47], the evidence in calorimetric measurements remained unexplained. The invoked explanations
include environmental effects in silicon and germanium and remain of interest for future calorimetric
experiments. One of these solid state effects was first described by S.E.Koonin in 1991 [48]: it is a
solid state effect known as Beta Environmental Fine Structure (BEFS), which introduces oscillatory
patterns in the energy distribution of the electrons emitted by a beta isotope in a lattice. It is
an effect analogous to the Extended X-ray Absorption Fine Structure (EXAFS) and it will be
addressed in more detail in § 6.3.
So far only tritium beta decay was considered, but all the arguments above apply to other
isotopes undergoing nuclear beta decay. In particular, as it will be shown quantitatively in next
section, isotopes with a transition energy lower than that of tritium are better suited for a calori-
metric experiment. The rest of the present work will focus on two such isotopes: 187Re and 163Ho,
which have a Q around 2.5 keV. In fact, already in the ’80s many authors realized that low tem-
perature detectors could offer a solution for making calorimetric measurements with high energy
resolution and could be used either for tritium or, better, the lower Q beta emitters 187Re and
163Ho (§ 5.3).
A final remark from the discussion above is that the spectrometer and the calorimeter methods
have both complicated but totally different systematic effects. Therefore, once that it is demon-
strated that the achievable sensitivities are of the same order of magnitude in the two cases, it is
scientifically very sound to develop complementary experiments exploiting these two techniques.
5.2. Sensitivity of calorimeters: analytical evaluation
It is useful to derive an approximate analytic expression for the statistical sensitivity of a
calorimetric neutrino mass experiment (see for example [49]). The primary effect of a finite mass
mνe on the beta spectrum is to cause the spectrum to turn more sharply down to zero at a distance
mνe below the endpoint E0 (higher panel of Fig. 8). To rule out such a mass, an experiment must
be sensitive to the number of counts expected in this interval. The fraction of the total spectrum
within ∆E of the endpoint E0 is given by
F∆E(mνe) =
∫ E0
E0−∆E
Nβ(E,mν)dE (27)
For mνe = 0 this is approximately
F∆E(0) ≈
(
∆E
E0
)3
(28)
For a finite mass it is found also
F∆E(mνe) ≈ F∆E(0)
(
1−
3m2ν
2∆E2
)
(29)
In addition to the counting statistics, the effect must be detected in the presence of an external
background, and of the background due to undetected pile-up of two events. Decays which occur
within a definite time interval cannot be resolved by a calorimetric detector, giving rise to the
phenomenon of pile-up. This implies that a certain fraction of the detected events is the sum of
two or more single events. In particular, two low energy events can sum up and contribute with
a count in the region close to the transition energy, contaminating the spectral shape in the most
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Figure 8: Effects of pile-up on the experimental energy spectrum of 187Re beta decay. Higher
panel: beta spectrum compared with pile-up spectrum. Lower panel: zoom around the end-point,
with a comparison between 0 and finite neutrino mass beta spectra
critical interval. In a first approximation the external background can be neglected. The pile-up
spectrum can then be approximated by assuming a constant pulse-pair resolving time, τR, such
that events with greater separation are always detected as being doubles, while those at smaller
separations are always interpreted as singles with an apparent energy equal to the sum of the two
events. In reality, the resolving time will depend on the amplitude of both events, and the sum
amplitude will depend on the separation time and the filter used, so a proper calculation would have
to be done through a Monte Carlo applying the actual filters and pulse-pair detection algorithm
being used in the experiment. However, this approximation is good enough to get the correct
scaling and an approximate answer. In practice, τR depends on the high frequency signal-to-noise
ratio but it is of the order of the detector rise time.
With these assumptions, for a pulse-pair resolving time of the detector τR, the fraction of events
which suffer with not-identified pile-up of two events for a Poisson time distribution is
P (∆t < τR) = 1− e
−AβτR ≈ AβτR (30)
where Aβ is the source activity in the detector and ∆t is the time separation between two events.
The beta spectrum of the unresolved pile-up events is given by the convolution product
Npp(E) = (1− e
−AβτR)
∫ E0
0
Nβ(E
′, 0)Nβ(E − E
′, 0)dE′ = (1− e−AβτR)Nβ(E, 0) ⊗Nβ(E, 0) (31)
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Figure 9: Statistical neutrino mass sensitivity for calorimetric measurements of the 187Re beta
decay. Lines are obtained from (34) according to [49]. Symbols are obtained with Monte Carlo
simulations (§ 6.3).
The coincidence probability, in a first approximation, is given by τRAβ . As shown in the lower
part of Fig. 8, a fraction F pp∆E these events will fall in the region within ∆E of the endpoint E0,
and can be approximated by
F pp∆E =
∫ E0
E0−∆
Npp(E)dE ≈ τRAβ
∫ E0
E0−∆E
Nβ(E, 0) ⊗Nβ(E, 0)dE (32)
Measuring for a length of time tM , the signal-to-background ratio in the region within ∆E of the
endpoint E0 can be expressed as
signal
background
=
AβNdettM |F∆E(mνe)− F∆E(0)|√
AβNdettM (F∆E(0) + F
pp
∆E)
=
√
AβT
|F∆E(mνe)− F∆E(0)|√
(F∆E(0) + F
pp
∆E)
(33)
where Ndet is the number of detectors and T = NdettM is the exposure. This ratio must be about
1.7 for a 90% confidence limit. Therefore, in absence of background, an approximated expression
for the 90% C.L. limit on mνe – Σ(mνe)90 – can be written as [49]
Σ90(mν) = 1.13
E0
4
√
tMAβNdet
[
∆E
E0
+
3
10
E0
∆E
τRAβ
] 1
4
(34)
The two terms in (34) arise from the statistical fluctuations of, respectively, the beta and pile-up
spectrum in (33). Equation (34) shows the importance of improving the detector energy resolution
and of minimizing the pile-up by reducing the detector rise time. On the other hand it shows also
that the largest reduction on the mνe limit can only come by substantially increasing the total
statistics Nev = tMAβNdet.
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If the pile-up is negligible, i.e. when the following condition is met
τRAβ ≪
10
3
∆E2
E20
(35)
from (34) one can write the 90% confidence limit sensitivity as
Σ90(mνe) ≈ 1.13
4
√
E30∆E
Nev
(36)
where energy interval ∆E in (36) cannot be taken smaller than about 2 times the detector energy
resolution ∆EFWHM.
It is then apparent that to increase the sensitivity one has both to improve the energy resolution
and to augment the statistics; however, there is a technological limit to the resolution improvements,
thus the statistics Nev = tMAβNdet is in fact the most important factor in (36). For a more complete
treatment, also in presence of a not negligible pile-up, refer to [49].
A similar approach for assessing the statistical sensitivity of 163Ho EC decay cannot be pursued
with the same simplicity because of the more complex spectrum (see § 7.1). Nevertheless it is worth
anticipating that with some approximations – discussed in § 7.1 – one can at least easily show that
ΣEC(mνe) ∝ E0 −Eimax (37)
where Eimax is the energy of the Lorentzian peak whose high energy tail dominates the end-point
region, i.e. the M1 peak in (50). Equation 37 is to be compared to equation 36, which gives
Σβ(mνe) ∝ E
4/3
0 (38)
From (37) it is apparent that for EC experiments in general – and for 163Ho in particular – it is not
only winning to have the lowest possible Q, but the end-point energy must be as close as possible
to the binding energy of the deeper shell accessible to the EC.
5.3. LTD for calorimetric neutrino mass measurements
In 1981 A.De Rujula was already discussing with E. Fiorini about the possibility of performing
a calorimetric measurement of the electron capture process in 163Ho, apparently without any useful
conclusion. It was only 3 years later – in 1984 – that two independent seminal papers proposed for
the first time the use of phonon-mediated detectors operated at low temperatures (simply called
here low temperature detectors, LTDs) for single particle detection with high energy resolution.
E. Fiorini and T.Niinikoski [50] proposed to apply these new detectors to various rare events
searches in a calorimetric configuration, while D.McCammon et al. [51, 52] initiated the application
to X-ray detection. It was immediately clear to D.McCammon et al. that this could be extended
to the spectroscopy of an internal beta source by realizing high energy resolution calorimeters with
implanted tritium [53].
In 1985, few years after A.DeRujula suggested the use of 187Re and 163Ho for a sensitive
neutrino mass measurement in [25], S.Vitale et al. came up with the first operative proposal for an
experiment using LTDs to measure the 187Re spectrum calorimetrically [54]. The same year, also
N.Coron et al. started a research program aiming at exploiting LTDs to perform the calorimetry
of 163Ho EC decay [55], which was soon discontinued for what concerns 163Ho. In the following
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years, the Genova group pioneered the development of LTDs aimed at a direct neutrino mass
measurement using the 187Re beta decay. The experiment was later called MANU and produced
its first result in 1992. Some years later, in 1993, the Milano group, mostly focused on carrying
out a ββ-0ν search with LTDs, also opened a research line to develop high energy resolution LTDs
for a calorimetric measurement of 187Re beta decay. This project was named MIBETA and came
to the first measurement in 1999. In 2005, the MANU and MIBETA experiments merged in the
international project MARE. In parallel to the work on 187Re, starting from 1995 the Genova
group was also carrying on a research for a calorimetric measurement of the 163Ho EC decay. This
activity, later on, was first absorbed in MARE and then transferred into the HOLMES project. In
2012, the Heidelberg group, former member of the MARE collaboration, presented its own R&D
program for a 163Ho calorimetric experiment, ECHo. Recently, also the Los Alamos group started
a preliminary work for a 163Ho experiment, with a project named NuMECS. All these experiments
and projects will be discussed in the next two sections.
It is worth mentioning two other groups that in these three decades participated to the efforts
to develop LTDs for neutrino mass measurements. The Oxford group developed arrays of indium
based Superconducting Tunnel Junctions (STJ) to search for the 17 keV neutrino in the 63Ni beta
decay [56] and to measure precisely the exchange effect in the low energy part of the spectrum of
the same decay [57]. The Duke University group developed Transition Edge Sensors (TESs) based
detectors for measuring calorimetrically the tritium decay [58, 59], but this project was abandoned
before obtaining a statistically meaningful sample.
All these activities were triggered in the early ’80s by the lucky coincidence to have the need
for a tool to perform calorimetric measurements of new low Q beta isotopes just at the time when
a new promising particle detection technology was appearing on the scene. It took more than 20
years to the LTD technology to actually be mature enough to sustain the ambitions of calorimetric
neutrino mass experiments Nowadays, LTDs can indeed deliver to this science case what they
have been developed for. In particular, LTDs provide better energy resolution and wider material
choice than conventional detectors. The energy resolution of few electronvolts is comparable to
that of spectrometers and the restrictions caused by the full spectrum detection are lifted by the
parallelization of the measurement with large arrays of detectors. Still, the detectors time constants
of the order of microseconds and, correspondingly, the read-out bandwidth remain the most serious
technical constraint to the full exploitation of LTDs in this field.
5.3.1. LTD basic principles
A complete overview of LTDs can be found in [60], while the status-of-the-art is well summarized
in the proceedings of the bi-yearly international workshop on Low Temperature Detectors [61].
LTDs were initially proposed as perfect calorimeters, i.e. as devices able to thermalize thor-
oughly the energy released by the impinging particle. In this approach, the energy deposited by a
single quantum of radiation into an energy absorber (weakly connected to a heat sink) determines
an increase of its temperature T . This temperature variation corresponds simply to the ratio be-
tween the energy E released by the impinging particle and the heat capacity C of the absorber,
i.e. is given by ∆T = E/C. The only requirements are therefore to operate the device at low
temperatures (usually < 0.1K) in order to make the heat capacity of the device low enough, and
to have a sensitive enough thermometer coupled to the energy absorber. Often LTDs with a total
mass not exceeding 1mg and few hundreds micron linear dimensions are called low temperature
(LT) microcalorimeters.
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In the above linear approximation, using simple statistical mechanics arguments, it can be
shown that the internal energy of an LTD weakly linked to a heat sink fluctuates according to
∆E2rms = kBT
2C (39)
where T is the equilibrium operating temperature, kB is the Boltzmann constant, and independent
of the weak link thermal conductance G. Eq. 39 is often referred to as the thermodynamical limit
to the LTD sensitivity and the internal energy fluctuations as Thermodynamic Fluctuation Noise
(TFN). Although, strictly speaking, (39) is not the best energy resolution achievable by an LTD,
it turns out that when a sensitive enough thermometer is considered and all sources of broadband
noise are included in the calculation, the real thermodynamical limit of the energy resolution of an
LTD can be expressed as [51]
∆E2rms = ξ
2kBT
2
b C0 (40)
where now Tb is the heat sink temperature, C0 is the heat capacity at Tb, and ξ is a numerical
parameter of order one which is derived from the LTD thermal details and for the optimal operating
temperature. A detailed analysis of the optimal energy resolution for various thermometers can be
found in [60].
From the above and (40) it is evident that the LTD absorber with its C together with the
thermometer with its sensitivity are the crucial ingredients for obtaining high energy resolution
detectors. A sensitive thermometer is the one which allows to transduce the temperature fluc-
tuations of the TFN to a signal larger than the other noise sources intrinsic to the thermometer
itself and to the signal read-out chain. Today, this condition has been met – and (40) is achieved
– for LT microcalorimeters using at least three types of optimized thermometers: semiconductor
thermistors, transition edge sensors (TES), and Au:Er metallic magnetic sensors. The thermal
sensor of a LTD does not only affect the achievable energy resolution, but also determines the
speed of the detector, i.e. it determines the time scale of the signal formation with the details of
the thermal mechanisms entering in the temperature transduction. Although the detector speed is
a crucial parameter in calorimetric neutrino mass experiments, a complete technical treatment for
the three sensor technologies is out of the scope of present work. Here it is enough to say that the
three technologies above are sorted from the slowest to the fastest: the numerical values for the
achievable speeds (from hundreds of nanoseconds to hundreds of microseconds) will be given in the
following sections. Each sensor technology has its pros and cons which have driven the choice for
the various neutrino mass experiments. The traded off parameters, which include the achievable
performances, the ease of fabrication, and the read-out technology, will be discussed in § 5.3.3.
Next section is dedicated to the other critical component, i.e. the absorber.
5.3.2. Energy absorber and thermalization process
Under many respects, the absorber of LTDs plays the most crucial role in calorimetric ex-
periments. First of all (40) shows that the absorber heat capacity C sets the achievable energy
resolution. When designing LTDs, usually the absorber is chosen to be made out of a dielectric
and diamagnetic material, so that C is described only by the Debye term, which is proportional to
(T/ΘD)
3 at low temperatures, and can be extremely small for a good material with large Debye
temperature ΘD. Insulators and semiconductors are often good examples of suitable dielectric and
diamagnetic materials. Metals are instead discarded because of the electron heat capacity, which
is proportional to T and remains large also at very low temperatures, thereby dominating the total
C of the absorber. Superconductors are in principle also suitable, since the electronic contribution
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to the specific heat vanishes exponentially below the critical temperature Tc, and only the Debye
term remains. For microcalorimeters, the situation is different because their reduced size allows
to tolerate also the heat capacity of a metal so that other considerations may be adopted to select
the absorber material. Microcalorimeters for calorimetric measurements of the tritium, 187Re, or
163Ho, decay spectra must contain the unstable isotope in their absorbers. As it will be discussed
in more details in the following, while tritium and 163Ho can be included by various means in ma-
terials with no special relation with hydrogen or holmium, 187Re is naturally found in physical and
chemical forms suitable for making LTDs, i.e. superconducting metal and dielectric compounds.
In addition to the electronic and phononic heat capacities considered above, other contributions
caused by nuclear heat capacity or by impurities may become important in certain conditions [62].
As it will be discussed later, this can be the case for metallic rhenium and embedded 163Ho.
The above leads to the conclusion that there is large a flexibility in the choice of the material
for the absorber of microcalorimeters for calorimetric neutrino mass experiments: dielectrics and
normal or superconducting metals have all indeed been used. In spite of this apparent flexibility,
in such experiments it turned out that the ideal energy resolution (40) is quite hard to achieve
because of the details of the chain of physical processes which transform the energy deposited
as ionization into the altered equilibrium thermal distribution of phonons – i.e. the ∆T above –
sensed by the thermometers. This chain – also called the thermalization process – is responsible
for the introduction of a fluctuation in the deposited energy E which is finally converted in the
measured ∆T : the so-called thermalization noise. The chain starts with the hot electron-hole pairs
created by the primary ionizing interaction: on a time scale of 10−10 s, this energy is degraded
and partitioned between colder electronic and phononic excitations by means of electron-electron
and electron-phonon scattering. The chain then proceeds with the conversion of the electronic
excitations into phonons accompanied by a global cooling of all excitations, and it ends with the
new thermal distribution of phonons which corresponds to a temperature increase ∆T above the
equilibrium operating temperature. The total time scale of this latter process and its details
strongly depend on the material. Only when the time elapsed between the primary interaction and
the signal formation is long enough to allow the phonon system to relax to the new quasi-equilibrium
distribution, the detector works really as a calorimeter. In commonly used thermal sensors, the
measured physical quantity is sensitive to the temperature of sensor electrons: therefore, at the
end of the thermalization there must be a last heat flow from the absorber phonons to the sensor
electrons through a link which ultimately acts as a throttle for the signal rise. The extra noise
shows up every time the deposited energy is not fully converted into heat [51], i.e. into the new
quasi-equilibrium thermal distribution, and gets trapped in long – compared to thermalization and
signal formation time scales – living excitations. In a simplified picture, if η is the fraction of
deposited energy E which actually goes into heat, the achievable energy resolution may be written
as
∆E2rms = ξ
2kBT
2
c C0 + (1− η)
2EFω (41)
where F is the Fano factor and ω is the average excitation energy of the long living states. The
second term is given by the statistical fluctuation of the number of long living states. The param-
eters η and ω are peculiar of each type of material. The parameter η may depend on the operating
temperature and on the signal time scale: often, the thermalization slows down at low tempera-
tures and the signal time scale must be adapted accordingly. Under all these respects, metals are
the ideal material because they show fast and complete thermalization at every temperature – i.e.
η = 1 is achieved on time scales of the order of nanoseconds or less – thanks to the strong in-
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teractions between electrons and phonons. Microcalorimeters with metallic absorbers in electrical
contact with the sensor are often called hot-electron microcalorimeters [63, 64]. In hot-electron mi-
crocalorimeters the thermalization ultimately warms up the absorber electronic system and the hot
absorber electrons can directly warm up the sensor electrons without throttling, therefore showing
a very fast response time.
On the contrary, dielectrics often suffer of a large thermalization noise translating in a degraded
energy resolution which increases with the deposited energy. In dielectrics, impurities and defects
can act as traps which lie energetically inside the forbidden band-gap. Following the primary ioniza-
tion created by the incident particle, electrons and holes can get trapped before their recombination
to phonons. Experimentally it is found that ω can be as large as few tens of electronvolts, so that
the second term (41) may easily dominate the energy resolution also for values η approaching unity.
Semiconductors may be better than dielectrics, owing to their smaller band-gap. But only metals,
semi-metals (such as bismuth) and zero-gap semiconductors (such as HgTe) have been successfully
employed in microcalorimeters showing energy resolutions close to the thermodynamical limit (40)
[65].
In principle, superconductors should provide a further improvement thanks to their band-gap of
few millielectronvolts: unfortunately, the thermalization in superconductors is a complex process
in which η can be very small. In superconductors the electronic excitations produced in the
thermalization process described above are broken Cooper pairs, also called quasi-particles [66, 67,
68]. Microscopic calculations from the Bardeen-Cooper-Schrieffer theory predict that, indeed, a
large part of the energy released inside the absorber can be trapped in quasi-particles states which
can live for many seconds at temperatures below 0.1K. The energy release inside a superconductor
leads to a long living state far from equilibrium in which many Cooper pairs are continuously
broken by phonons produced when quasi-particles recombine. A model describing this situation was
proposed by S.B.Kaplan [69], who found that the time the quasi-particles need to recombine (τqp)
would be somewhere between 1 and 10 seconds. Analogous results were obtained by the analysis
of A.G.Kozorezov [68]. The global result of these models is that in superconductors η is expected
to be very small on a time scale useful for a LTD. Despite of these theoretical considerations, it is
an experimental fact that some superconducting materials perform well as absorbers in cryogenic
detectors. Indeed, deviations from the predicted temperature dependence of quasi-particle lifetime
τqp have been reported: for example, tin has been used for making LTDs with an energy resolution
approaching the thermodynamical limit, thanks to a fast and complete energy thermalization. This
is apparently one characteristic shared also by other soft superconductors such as lead an indium.
So far, no generally accepted explanation has been given for these apparent discrepancies between
experimental results and theory, and the topic of quasi-particles recombination in LTDs remains
an active field of research.
There are two other important sources of energy resolution degradation which are often observed
in LTDs [51]. The first is the escape from the absorber of high energy phonons during the first stages
of the thermalization process, which adds another fluctuation component to the finally thermalized
energy. The second is the accidental direct detection of high energy phonons by the thermal sensors,
which determines an excess systematic broadening of the energy resolution because its probability
varies with the interaction position.
5.3.3. Temperature sensors, read-out, and signal processing
The LTDs used for neutrino mass calorimetric measurements fall in the category of the low
temperature microcalorimeters and are designed to provide energy resolutions better than about
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Figure 10: Constant current biasing of thermistors (left). Temperature dependence of the thermis-
tor resistivity for a T0 of 3K (blue) and 10K (red) (right).
10 eV, possibly approaching the thermodynamical limit. As shown in § 5.2, the detector speed –
i.e. the detector signal bandwidth, or its rise time τR – is another parameter guiding the design.
Furthermore, neutrino mass experiments with LTDs need to use large arrays of detectors. This
calls for ease of both fabrication and signal read-out. Along with the selection of the absorber
material containing the source, the above are the main guidelines for the design of an LTD based
neutrino mass experiment. The choice of the sensor technology is one of the first steps in the design.
To date, only three technologies have been exploited. These are the semiconductor thermistors,
the transition edge sensors, and the magnetic metallic sensors, and they will be briefly discussed
here (more details can be found in [60]). The possibility of employing other technologies, such as
the one of superconducting microwave microresonators, is also investigated but its perspectives are
not clear yet [70]. The application of LTDs to the spectroscopy of 187Re and 163Ho decays fully
overlaps the range of use of microcalorimeters developed for soft X-ray spectroscopy; therefore, in
the following the discussion will be restricted to thermal sensors for X-ray detection.
Semiconductor thermistors. These sensors are resistive elements with a heavy dependence of the
resistance on the temperature. Usually, they consist of small crystals of germanium or silicon with
a dopant concentration slightly below the metal-to-insulator transition [51]. The sensor low tem-
perature resistivity is governed by variable range hopping (VRH) conduction and it is often well
described by the expression ρ(T ) = ρ0 exp(T0/T )
1/2, where T0 and ρ0 are parameters controlled by
the doping level [71] (Fig. 10). Semiconductor thermistors are high impedance devices – 1-100MΩ
– and are usually parameterized by the sensitivity A, defined as −d logR/d log T , which typically
ranges from 1 to 10. Semiconductor thermistors can be realized also in amorphous film form,
like NbSi. Silicon thermistors are fabricated using multiple ion implantation in high purity silicon
wafers to introduce the dopants in a thin box-like volume defined by photolithographic techniques.
Germanium thermistors are fabricated starting from bulk high purity germanium crystals doped
by means of neutron irradiation (nuclear transmutation doping, NTD) [72, 73]. Single NTD germa-
nium sensors are obtained by dicing and further processing using a combination of craftsmanship
and thin film techniques. In early times, the weak coupling to the heat sink was provided by the
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Figure 11: Constant voltage biasing of a TES (left). Temperature dependence of the TES resistivity
at Tc (right)
electrical leads used for the read-out; nowadays, microelectronic planar technologies and silicon
micro-machining are used to suspend the sensors on thin silicon nitride membranes or thin sili-
con beams. Thermistors are read-out in a constant current biasing configuration which allows to
convert the thermal signal ∆T in a voltage signal ∆V (Fig. 10). Because of their high impedance,
thermistors are best matched to JFETs. Semiconductor thermistor present few drawbacks. First
of all their high impedance requires the JFET front end to be placed as close as possible – cen-
timeters – to the devices to minimize microphonic noise, and bandwidth limitations due to signal
integration on parasitic electrical capacitance. Since commonly used silicon JFET must operate
at temperatures not lower than about 110K, this becomes quickly a technical challenge when in-
creasing the number of detectors. Secondly, it has been experimentally observed that conductivity
of semiconductor thermistors deviates from linearity at low temperatures [74, 75]. The deviation is
understood in terms of a finite thermal coupling between electrons and phonons, whose side effect
is to intrinsically limit the signal rise times to hundreds of microseconds for temperatures below
0.1K. Semiconductors are now an established and robust technology, and arrays of microcalorime-
ters based on these devices have been widely used for X-ray spectroscopy [60] achieving energy
resolutions lower than 5 eV with tin or HgTe absorbers.
Superconducting transition edge sensors (TESs). TES are also resistive devices made out of thin
films of superconducting materials whose resistivity changes sharply from 0 to a finite value in a very
narrow temperature interval around the critical temperature Tc (Fig. 11). The superconducting
material can be an elemental superconductor (such as tungsten or iridium), although it is more often
a bilayer made of a normal metal and a superconductor. With bilayers, the Tc of the superconductor
is reduced by the proximity effect and can be controlled by adjusting the relative thicknesses of
the two layers. Common material combinations used to fabricate TES bilayer with a Tc between
0.05 and 0.1K are Mo/Au, Mo/Cu, Ti/Au or Ir/Au. TES fabrication exploits standard thin
film deposition techniques, photolithographic patterning, and micro-machining. Sensors can be
designed to have, at the operating point, a sensitivity A as high as 1000 and a resistance usually
less than 1Ω. The most common ways to isolate TES microcalorimeters from the heat sink are
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Figure 12: Read-out of a paramagnetic sensor (left). Temperature dependence of the sensor mag-
netization (right)
the use of thin silicon nitride membranes or thin silicon beams. TES are read-out at a constant
voltage and their low impedance is ideal to use SQUIDs to amplify the current signal induced by a
particle interaction (11). The constant voltage biasing provides the condition to achieve the extreme
electro-thermal feedback (ETF) regime [76] which leads to substantial improvements in resolution,
linearity, response speed, and dynamic range. This regime also eases the operation of large pixel
count arrays because ETF produces a self-biasing effect that causes the temperature of the film
to remain in stationary equilibrium within its transition region. With respect to semiconductor
thermistors, TESs offer many advantages: 1) large arrays can be fully fabricated with standard
micro-fabrication processes, 2) the larger electron-phonon coupling allows signal rising as fast as few
microseconds, and 3) the low impedance reduces the sensitivity to environmental mechanical noise.
The main drawbacks of TESs are the limited dynamic range, the adverse sensitivity to magnetic
fields of TES and SQUID, and the not fully understood physics of superconducting transitions
and excess noise sources [61]. TES microcalorimeter arrays are being actively developed as X-ray
spectrometers for many applications, which include material analysis and X-ray astrophysics [65].
TES sensors are particularly well suited to be coupled to metallic (gold) or semi-metallic (bismuth)
absorbers, providing fast response and energy resolutions lower than few electronvolts (Fig. 13).
Magnetic metallic sensors. These sensors are quite different from the previous two, and their
successful development is more recent [77]. They are paramagnetic sensors exposed to a small
magnetic field. The temperature rise ∆T causes a change in the sensor magnetization, which is
sensed by a SQUID magnetometer. The non dissipative read-out scheme avoids the noise sources
typical of dissipative systems, such as the Johnson noise of semiconductor thermistors and of TESs.
State of the art sensors use Er+ paramagnetic ions localized in a Au metallic host (Au:Er sensors).
The use of a metallic host ensures a very fast sensor response time, since the spin-electron relaxation
time for Au:Er is around 0.1µs at about 0.05K. Microcalorimeters with magnetic metallic sensors
(Magnetic Metallic Calorimeters, MMCs) are usually fully made out of gold to obtain both a fast
and efficient energy thermalization to the absorber electronic system and a quick equilibration with
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Figure 13: Energy resolutions achieved with a TES (∆EFWHM = 1.5 eV, courtesy of NIST) (left)
and with an MMC [80] (right).
the sensor electrons. Despite its high sensitivity, the paramagnetic sensor has an intrinsically large
heat capacity: therefore the gold absorbers may be relatively large without adversely affecting the
MMC performance. These microcalorimeters, in general, do not need special measures for thermally
isolating the devices from the heat sink because the signal is predominantly developed in the
electronic system and the electron-phonon coupling is rather weak and slower at low temperatures.
An interesting feature of MMCs is the availability of a complete and successful modeling, which
allow a precise design tailored to each specific application. The micro-fabrication of MMCs is
somewhat more cumbersome than for TES microcalorimeters but, for the large part, can be carried
out with a standard micro-fabrication process [78, 79]. Presently, the most used design for arrays of
MMCs has planar sensors on meander shaped pickup coils and achieves record energy resolutions of
few electronvolts for soft X-rays (Fig. 13) accompanied by large dynamic range and good linearity.
Signal read-out. Neutrino mass experiments are necessarily carried out using LTD arrays with
a large pixel count, and this calls for the implementation of an efficient multiplexing system for
reading out many sensors with the smallest possible number of amplifiers. This, in turn, reduces
the number of read-out leads from room temperature to the array and the power dissipation at
low temperature. Therefore, in order to be of some use for future experiments, a sensor technol-
ogy must be compatible with some sort of multiplexed read-out, not causing restrictions on the
available signal bandwidth and degradation of the resolving power. This makes the semiconductor
thermistors not appealing for sensitive neutrino mass experiments. The opposite is true for the
other two technologies owing to the use of a SQUID read-out.
TES arrays with SQUID read-out can be multiplexed according to three schemes [65]: Time
Division (TDM) [81], Frequency Division (FDM) [82] and Code Division (CDM) [83]. The three
schemes differ by the set of orthogonal modulation functions used to encode the signals. TDM and
FDM (in the MHz band) are the most mature ones, and they have been already applied to the
read-out of many multi-pixel scientific instruments. The more recently developed CDM combines
the best features of TDM and FDM, and is useful for applications demanding fast response and
high resolution.
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Recent advancements on microwave multiplexing (µMUX) suggest that this is the most suitable
system for neutrino mass experiments, since it provides a larger bandwidth for the same multiplex-
ing factor (number of multiplexed detector signals). It is based on the use of rf-SQUIDs as input
devices, with flux ramp modulation [84] (Fig. 14). The modulated rf-SQUID signals are read-out
by coupling the rf-SQUID to superconducting LC resonators in the GHz range and using the homo-
dyne detection technique. By tuning the LC resonators at different frequencies it is straightforward
to multiplex many RF carriers. The feasibility of this approach has been demonstrated in [84] only
with two channels, but it is making quick progresses as shown with the multiplexed arrays of TES
bolometers for millimeter astronomy of MUSTANG2 [85].
The µMUX is suitable for a fully digital approach based on the Software Defined Radio (SDR)
technique [86, 87]. The comb of frequency carriers is generated by digital synthesis in the MHz
range and up-converted to the GHz range by IQ-mixing. The GHz range comb is sent to the
cold µMUX chips coupled to the TES array through one semi-rigid cryogenic coax cable, amplified
by a cryogenic low noise High Electron Mobility Transistor (HEMT) amplifier, and sent back to
room temperature through another coax cable. The output signal is down-converted by IQ-mixing,
sampled with a fast analog-to-digital converter, and digital mixing techniques are used to recover
the signals of each TES in the array (channelization).
Because of their excellent energy resolution combined with a very fast response time, the
multiplexed read-out of MMCs is more demanding than for TESs. To date, although some results
have been obtained also with TDM, µMUX is the most promising approach for multiplexing MMCs
[88], even if its development for these devices is still in progress.
Figure 14: Circuit schematic for a two channel microwave multiplexed read out of a TES array
(From [84]).
Signal processing. One of the conditions to obtain a thermodynamically limited energy resolution
is to process the microcalorimeter signals with the Optimal Filter (OF) [89, 51]. For this purpose
the signal waveforms must be fully digitized and saved to disk for further off-line processing. This
approach allows also to apply various specialized signal filters to the same waveform, with the
aim of improving time resolution – thereby reducing fpp –, rejecting spurious events, and gating
background induced events with a coincidence analysis. The storage of the raw data needed for
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off-line signal processing and for building the energy spectrum to be analyzed sets a practical limit
to the lower energy limit of the final energy spectrum. While there is no issue for LTD experiments,
such as dark matter or ββ-0ν searches, to save digitized waveforms for later off-line analysis, this
becomes quickly unpractical for sub-eV neutrino mass experiments. The pulses collected over the
whole spectrum would amount to about 1014, and digitizing pulses with 512 samples with 16 bit
depth would translate in a storage of about 100 PB (un-compressed), way more than LHC data.
The only viable strategy is then to save only the relevant event parameters calculated by the
pulse processing software. These parameters must include at least the energy, the arrival time,
and a couple of other useful shape parameters. Assuming one can limit the useful parameters to
5 and that each is saved as a 4 bytes number, then the required storage reduces to about 1PB,
which is still quite a large but manageable number. It looks therefore likely that only fractions
of the spectrum of the order of 10% will be available for a neutrino mass analysis. For 187Re and
163Ho, this means that the analysis will be forcibly limited to an energy interval which extends,
respectively, about 1200 eV and 750 eV – just right of the main peak of the spectrum (§ 7.1) – below
the spectrum end-point.
5.4. Additional direct neutrino measurements with LTDs
Thanks to the acquisition of the full energy spectrum, LTD calorimeters offer the opportunity to
perform other interesting investigations on the data collected for the neutrino mass measurement:
these include the searches for massive sterile neutrinos and for the cosmic relic neutrinos (Cosmic
Neutrino Background, CνB). These by-products of the neutrino mass measurements are largely out
of the scope of the present work and are discussed here briefly only for the sake of completeness.
The finite neutrino mass manifesting in neutrino oscillations is already an important breach in
the Standard Model of fundamental interactions, but the neutrino sector could hold more surprises.
In fact, recent re-analysis of existing data from reactor oscillation experiments together with some
anomalies observed in short baseline accelerator oscillation experiments (LSND, MiniBOONE) and
in solar experiment calibration with neutrino sources (GALLEX), point to the existence of at least
a fourth generation of neutrinos [7]. These hypothetical neutrinos would be sterile in the sense
that they would feel only gravitational interactions, along with those induced by mixing with the
other ordinary neutrinos. Combined analysis of the available data from various sources leads to
an additional mass splitting of ∆m2sterile ≈ 1 eV, with a mixing parameter of about sin
2(2θ) ≈ 0.1.
Sterile Right Handed neutrinos are indeed introduced naturally when one tries to extend the
Standard Model to include the mass of active neutrinos (νMSM) [90]. Moreover sterile neutrinos
in the keV mass range are perfect candidate as Warm Dark Matter (WDM) particles [91].
The calorimetric spectra of 187Re or 163Ho are suitable to investigate the emission of heavy
sterile neutrinos with a mixing angle θ. Assuming the electron neutrino νe is a mixture of two mass
eigenstates νH and νL, with masses mH ≫ mL, then νe = νL cos θ + νH sin θ and the measured
energy spectrum is N(E,mL,mH , θ) = N(E,mL) cos
2 θ+N(E,mH) sin
2 θ. The emission of heavy
neutrinos would manifest as a kink in the spectrum at an energy of Q −mH for heavy neutrinos
νH with masses between about 0 and Q−Eth . 2.5 keV, where Eth is the experimental low energy
threshold. It is worth noting that the strategy is of course the very analogous of the one adopted
by J.J. Simpson [42, 46] and which started off the already mentioned saga of the 17 keV neutrino.
Moreover, such search may be affected by systematic uncertainties due to the background and to
the ripple observed in the 187Re spectrum and caused by the BEFS (§ 6.3). An alternative and
possibly more robust approach to the search of sterile neutrino emission in 163Ho has been proposed
in [92].
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Cosmology predicts that there are about 55 neutrinos/cm3 in the universe as left-overs of the
Big Bang. Their average temperature today is about 1.95K and therefore their observation is
extremely difficult. It has been proposed that the CνB could be detected via the induced beta
decay on beta decaying isotopes: for example νe+
3H→3He+e−. This reaction could be detected as
a peak at an energy of Q+mνe in beta decay spectra. The expected rate can be calculated starting
from the beta decay lifetime, and for 100 g of tritium it would be of about 10 counts/year [93].
Unfortunately 100 g is 106 times the amount of tritium contained in KATRIN, and the situation
is not more favorable for other isotopes like 187Re or 163Ho. The reactions νe+
187Re→187Os+e−
and νe+e
−+163Ho→163Dy∗ are expected to give yearly about 10−10 [94, 95] and 10−5 events per
gram of target isotope [96, 97], respectively. Recently, a dedicated experiment called PTOLEMY
has been proposed [98]: it combines a large area surface-deposition tritium target, the KATRIN
magnetic/electrostatic filtering, LTDs, RF tracking and time-of-flight systems.
The possibility to detect heavy sterile neutrino dark matter (WDM) via the above induced beta
decays in 187Re and 163Ho has also been investigated but, again, the expected rates are hopelessly
low [99, 100].
6. Past Experiments
6.1. Rhenium experiments with LTDs
187Re was mentioned in [25] as interesting alternative to tritium because its transition energy
of about 2.5 keV is one of the lowest known. Thanks to this characteristic, the useful fraction of
events close to the end-point is ∼350 times higher for 187Re than for tritium. In addition, the
half lifetime of about 4 × 1010 years together with the large natural isotopic abundance (62.8 %)
of 187Re allows to get useful beta sources without any isotopic separation process. The beta decay
rate in natural rhenium is of the order of ∼1Bq/mg, almost ideally suited to calorimetric detection
with LTDs.
As soon as the idea of developing LTDs for X-ray spectroscopy with energy resolutions caught,
metallic rhenium became one of the most appealing materials also for making the X-ray absorbers.
First of all metallic rhenium is a superconductor with a critical temperature Tc of about 1.69K
therefore, ideally, it is a good candidate for photon detection free of thermalization noise. Then the
combination of high Z, high density (ρ = 21.02 g/cm3), and high Debye temperature (ΘD ≈ 417K)
makes metallic rhenium a unique material for designing X-ray detectors with low heat capacity
C – i.e. high sensitivity – and high photon stopping power. Unfortunately, it became soon clear
that metallic rhenium absorbers do not behave as expected and metallic rhenium was abandoned
in favor of other more friendly materials as absorber for X-ray microcalorimeters. The result of
early efforts on rhenium absorbers for X-ray microcalorimeters are reported in [101, 102]. The long
time constants (up to 100ms) and a significant deficit in the signal amplitude are the distinguishing
features of microcalorimeters with metallic rhenium absorbers. In the same years the Genova group
was finding similar results, as discussed below.
Although the explanation of the observed behavior most probably resides in the superconduc-
tivity of rhenium, also the heat capacity may contribute to poor and inconsistent performance. In
fact, according to [103] the specific heat of rhenium in the normal state is given by
c(T ) = 40.6T−2 + 0.034T−3 + 2290T + 27T 3µJ/(mol K) (42)
where the last two terms are the contributions from normal conduction electrons and phonons,
respectively. The first two terms are due to the nuclear heat capacity, which arises from the
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interaction between the large nuclear quadrupole moment of the two natural isotopes of rhenium
– both have nuclear spin 5/2 – and the electrical field gradient at the nucleus in the non-cubic
rhenium lattice. When rhenium is in the superconducting state the nuclear heat capacity term
should vanish since the slow spin-lattice relaxation thermally isolates the nuclear spin system.
In the superconducting state a non-reproducible small fraction of the normal-state nuclear heat
capacity may still be observed if trapped magnetic flux causes regions in the specimen to remain
normal.
In spite of these difficulties, research on LTDs with metallic rhenium went on for the purpose of
making detectors for calorimetric neutrino mass experiments, although other dielectric materials
were also tested (see § 6.5).
6.2. The 187Re beta decay spectrum
The 187Re beta decay
187Re(5/2+)→187 Os(1/2−) + e− + νe (43)
is a unique first forbidden transition. Unlike non-unique transitions, the nuclear matrix element
is computable, even if the calculation is not straightforward as in the case of tritium. In the
literature, it is possible to find detailed calculations of both the matrix element and the Fermi
function for this process [104, 105]. The electron and the neutrino are emitted in the p3/2 and
the s1/2 states, respectively, or vice versa. Higher partial waves are strongly suppressed because
of the low transition energy. The distribution of the kinetic energies E of the emitted electrons,
calculated neglecting the neutrino mixing is (according to [104])
N(E,mνe) = N
p3/2(E,mνe) +N
s1/2(E,mνe)
= CpE(E0 − E)
2[F1(Z,E)p
2 + F0(Z,E)p
2
ν ]
√
1−
m2νe
(E0 − E)2
(44)
where p is the electron momentum, p2ν = ((E0−E)
2−m2νe) is the neutrino momentum, and F0(Z,E)
and F1(Z,E) are the relativistic Coulomb factors, which take into account the distortion of the
electron wave function due to the electromagnetic interaction of the emitted electron in s1/2 and
p3/2 states with the atomic nucleus. In general, the Coulomb factor takes the form
Fk−1(Z,E) =
(
Γ(2k + 1)
Γ(k)Γ(1 + 2γk)
)2
(2pR)2(γk−k)|Γ(γk + iz)|
2epiz (45)
with
γk =
√
k2 − (αZ)2
z = αZ
E
p
. (46)
where Γ is the gamma function, α is the fine structure constant, and R is the nuclear radius. It
can be found numerically that the p3/2 component of the spectrum is dominant, i.e. [104]
Is1/2
Ip3/2
=
∫ E0
0 N
s1/2(E,mνe)dE∫ E0
0 N
p3/2(E,mνe)dE
≈ 10−4 (47)
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This has been confirmed experimentally in [106] (see § 6.5). It can also be shown that (44) can be
approximated by the expression
N(E,mνe) = C
′(1 + f187Re(E))(E0 − E)
2
√
1−
mνe
(E0 − E)2
(48)
where the correction factor f187Re(E) is shown in Fig. 15.
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Figure 15: Theoretical shape of the 187Re beta decay spectrum (left). Deviation of the 187Re
spectrum from a simple quadratic form (right).
6.3. Statistical sensitivity and systematics
An accurate assessment of calorimetric neutrino mass experimental sensitivity requires the use
of Monte Carlo frequentist approach [49]. The parameters describing the experimental configu-
ration are the total number of 187Re decays Nev, the FWHM of the Gaussian energy resolution
∆EFWHM, the fraction of unresolved pile-up events fpp, and the radioactive background B(E).
The total number of events is given by Nev = NdetAβtM , where Ndet, Aβ and tM are the total
number of detectors, the beta decay rate in each detector, and the measuring time, respectively.
As discussed in § 5.2, fpp = τRAβ, where τR is the time resolution of the detectors. The B(E)
function is usually taken as a constant, B(E) = bT , where b is the average background count rate
for unit energy and for a single detector, and T = Ndet× tM is the experimental exposure. A set of
experimental spectra are simulated and fitted with m2ν , E0, Nev, fpp and b as free parameters. The
90% C.L. mνe statistical sensitivity Σ90(mνe) of the simulated experimental configuration can be
obtained from the distribution of the m2νe found by fitting the spectra. The statistical sensitivity is
then given by Σ90(mνe) =
√
1.7σm2νe , where σm2νe is the standard deviation of the m
2
νe distribution.
The symbols in Fig. 9 are the results of Monte Carlo simulations for various experimental
parameters and for b = 0 compared to the analytic estimate.
As an example, Tab. 1 reports two experimental configurations which could allow to achieve
statistical sensitivities of about 0.2 and 0.1 eV, respectively. The two sensitivities could be attained
measuring for 10 years, respectively, 4×104 and 3.2×105 detectors, while the total mass of natural
metallic rhenium in the two cases would be about 400 g and 3.2 kg, respectively.
A flat background remains almost negligible as long as it is much lower than the pile-up contri-
bution at the end-point, i.e. b≪≈ Aβfpp/(2E0). For the two experiments in Tab. 1 this translates
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Table 1: Experimental exposure required for the target statistical sensitivity in the second column
with b = 0.
isotope sensitivity Aβ τ ∆E Nev exposure T
[eV] [Hz] [µs] [eV] [counts] [detector×year]
187Re 0.2 10 3 3 1.3× 1014 4.1× 105
187Re 0.1 10 1 1 10.3 × 1014 3.3× 106
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Figure 16: Monte Carlo computed statistical sensitivity of a 187Re decay calorimetric measurement
for different experimental configurations and for Nev = 10
14 (left). BEFS ripple prediction for
metallic rhenium and for AgReO4 for an infinite instrumental resolution (right).
in a constant background, lower than about 1 × 10−2 and 4 × 10−3 counts/day/eV, respectively,
which should be achievable without operating the arrays in the extreme low background conditions
of an underground laboratory.
Given the strong dependence of the sensitivity on the total statistics, for a fixed experimental
exposure T – that is, for a fixed measuring time and a fixed experiment size – and for fixed detector
performance – ∆EFWHM and τR –, it always pays out to increase the single detector activity Aβ
as high as technically feasible, even at the expenses of an increasing pile-up level. Of course, since
the rhenium specific activity is practically fixed, the ultimate limit to Aβ is set by the tolerable
heat capacity of the absorber.
With the same Monte Carlo approach it is also possible to investigate the source of systematic
uncertainties peculiar to the calorimetric technique. As shown in [49], it appears that the most cru-
cial and worrisome sources of systematics are the uncertainties related to the Beta Environmental
Fine Structure (BEFS), the theoretical spectral shape of the 187Re beta decay, the energy response
function, and the radioactive background. These sources are briefly discussed in the following.
The BEFS is a modulation of the beta emission probability due to the atomic and molecular
surrounding of the decaying nuclei [48], which is explained by the electron wave structure in terms
of reflection and interference. The BEFS oscillations depend on the inter-atomic distance, while
their amplitude is tied to the electron-atom scattering cross-section: although the phenomenon is
completely understood, its description is quite complex and the parameters involved are not all
known a priori. So far it could be detected only in the low energy region – E . 1.5 keV – of the
187Re spectra, where both the beta rate and the BEFS are larger, but as far as the effect on the
neutrino mass determination is concerned, its effect extends way up to the end-point (Fig. 16). For
a safe extrapolation up to the end-point and to minimize the systematic uncertainties, the BEFS
must be characterized using much higher statistics beta spectra and independent EXAFS analysis
of the material containing rhenium.
The theoretical description of the 187Re decay spectrum given in § 6.2 is slightly contradicted by
experimental observation, since available high statistics spectra are in fact better interpolated as
N(E) = (E0 − E)
2, i.e. with f187Re(E) ≈ 1. This deviation from theory has not found a plausible
explanation yet5, and it will become troublesome when larger statistics experiments will call for
more accurate description of the spectrum.
The detector response function is probed by means of X-ray sources which are not exactly
monochromatic and which do not replicate the same type of interactions in the absorber as the
beta decay. In fact, the X-ray interactions happen at a shallow depth, whereas the beta decays are
uniformly distributed in the volume; moreover, in the case of X-rays the energy is deposited by a
primary photo-electron followed by a cascade of secondary X-rays and Auger electrons, whereas in
beta decay all the energy is deposited along one single track. It is therefore extremely important
– yet challenging – to fully understand the measured response function in order to disentangle the
contributions to its shape caused by the external X-rays.
In calorimetric experiments, since the beta source cannot be switched off, the environmental
and cosmic background in the energy range of the beta spectrum cannot be directly assessed.
Therefore a constant background is usually included in the fit model as the safest hypothesis. This
hypothesis may happen to be not accurate enough for future high statistics measurements.
6.4. MANU
The research program in Genova which lead to the MANU experiment started in 1985 [54] with
a focus on the use of metallic rhenium absorbers. At that time there was absolutely no knowledge
about the behavior of this material as absorber for LTDs. Therefore, the first years were devoted
to study the heat capacity and the thermalization efficiency η of metallic rhenium.
The outcomes of the preliminary phase are summarized in [107]. The thermalization efficiency η
was studied for many superconductors in form of small single crystals (cubic millimeters) of Al, Pb,
In, Ti, Nb, Va, Zn and Re, and a quasi universal dependence on the ratio T/ΘD was found, with
η dropping sharply for T lower than about 2× 10−4ΘD. In particular rhenium thermalization was
investigated for single- and poly-crystals between 50mK and 200mK. The rise-time was limited
to about 200 µs, preventing to assess the thermalization efficiency at shorter time scales. Also, for
rhenium it was found that full thermalization is attained for an operating temperature above about
83mK. The effect of magnetic fields was also investigated, and an unexpected and unexplained
reduction of η for magnetic fields increasing up to 20Gauss was found.
The first observation of 187Re spectrum was reported in [111]. After this, a period was spent to
optimize the microcalorimeter performance, also exploiting the gained understanding of metallic
rhenium absorbers: energy resolutions as good as about 30 eV were demonstrated with small
– about 50µg – rhenium absorbers. In 2001 the results of the high statistics measurement of
MANU were published [108]. The MANU experiment’s microcalorimeter was a NTD germanium
5Fedor Sˇimkovic, private communication
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Figure 17: The MANU experiment detector (from [108]).
Figure 18: The MANU experiment final spectrum (left) and its fitting residuals showing the BEFS
ripples (right) (from [108]).
thermistor coupled with epoxy resin to a 1.572mg rhenium single crystal. Two ultrasonically
bonded aluminum wires provided both the path for the electrical signal and the thermal contact to
the heat sink at 60mK (Fig. 17). The detector had a thin shield against environmental radiation
made out of ancient Roman lead. A weak 55Fe source (10−3 counts/s) allowed to monitor the
gain stability during the measurement, while the energy calibration was established through a
removable fluorescence source emitting the K lines of Cl, Ca, and K. Signals were read-out by a
cold stage with unitary gain using a JFET at about 150K, digitized at 12 bit in 1024 long records,
and processed with an optimal filter. Further processing was used to detect pile-up events [112].
The high statistics measurement lasted for about 3months and the detector performance are listed
in Tab. 2 [108]. The 55Fe Kα line had a perfectly Gaussian shape with tails lower than 0.1%. The
calibration with the fluorescence source showed that the energy resolution is practically constant
with energy, and the deviation from linearity of the energy response was of about 0.16% at the
187Re spectrum end-point.
The fit of the spectrum (Fig. 18) gave a squared neutrino mass of m2νe = −462
+579
−679 eV
2, which
translated in an upper limit mνe ≤ 26 eV at 95% C.L., or 19 eV at 90% C.L. [113].
The results reported in [108] were the most precise measurements of the transition energy E0
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Figure 19: Heavy sterile mass exclusion plot of MANU [109] (left). BEFS in the MANU spectrum
[110] (right).
and of the 187Re half-life at the time of publishing; the 187Re half-life in particular is of great
interest for geochronology for determining the age of minerals and meteorites.
This high statistics measurement allowed also to observe for the first time the BEFS [110] and
to set a limit for the emission of sterile neutrinos with masses below 1 keV [109] (Fig. 19).
6.5. MIBETA
The Milano program for a neutrino mass measurement with 187Re started in 1992 with an
R&D to fabricate silicon implanted thermistors in collaboration with FBK [114]. The final objec-
tive was to make large arrays of high resolution microcalorimeters using micro-machining [115].
NTD germanium based microcalorimeters were also tested. In the light of the encouraging results
obtained at Genova, at first the program concentrated on metallic rhenium absorbers. Many single-
and poly-crystalline samples were tested with disappointing results: small signals, long time con-
stants, and inconsistently varying pulse shapes. A possible correlation with the sample purity and
with residual magnetic fields was individuated, but this was not enough to The research program
therefore moved onto the systematic testing of dielectric rhenium compounds as microcalorimeter
absorbers. From the beginning, the most suitable compounds looked like those based on the ReO−4
(perrhenate) anion. A non exhaustive list of tested compounds includes: Re2(CO)10, K2ReCl6,
(NH4)ReO4, KReO4, AgReO4. The tests with Re2(CO)10 failed since this compound sublimates
in vacuum at room temperature. The second-to-fourth materials, despite the good theoretical ex-
pectations and the large signal-to-noise ratio, showed a quite poor energy resolution – exceeding
100 eV at 6 keV – which could be explained as due to a large thermalization noise.
Silver perrhenate (AgReO4), on the other hand, immediately exhibited good properties with
limited thermalization noise. The calibration peaks were sufficiently symmetric, and energies reso-
lutions as good as 18 eV FWHM at 6 keV were achieved. AgReO4 crystals are transparent, crumbly,
and slightly hygroscopic, with a specific 187Re activity of about 5.4× 10−4Hz/µg [116].
The MIBETA experiment ran between 2002 and 2003 an array of 10 AgReO4 microcalorimeters
for a high statistics measurement, which was preceded by a campaign of measurements dedicated
to tuning the set-up and to reducing the background [117].
The array was made of AgReO4 crystals with masses ranging from 250 to 300 µg to limit event
pile-up, for a total mass of 2.683mg. The crystals were attached to silicon implanted thermistors
with epoxy resin, and four ultrasonically bonded aluminum wires were used both as signal leads
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Figure 20: One of the MIBETA microcalorimeters with AgReO4.
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Figure 21: Final MIBETA calibration spectrum (left). Kurie plot of the final MIBETA data (right).
and heat links to the heat bath, stabilized at 25mK. The 10 microcalorimeters were enclosed in
two copper holders without lead shieldings, to avoid the background caused by lead fluorescence
at 88 keV, which in turn provokes escape peaks in AgReO4 very close to the beta end-point. The
stability and performance of all detectors were monitored with a movable multi-line fluorescence
source at 2K, which was activated for 25min every 2 h to emit the K lines of Al, Cl, Ca, Ti, and
Mn. When not used for the calibration, the primary 55Fe source was pulled inside a massive shield
of ancient Roman lead [118], in order to minimize the contribution to the radioactive background
caused by the IB of 55Fe. The data acquisition program controlled the movements of the source
and tagged the events collected during the calibrations. The first stage of the electronic chain used
10 JFETs cooled to about 120K and placed few centimeters below the detectors. A 16-bit data
acquisition system digitalized and saved to disk the signals for an Optimal Filter based off-line
analysis.
The high statistics measurement of MIBETA lasted for about 7 months. In the final analysis,
the data from two detectors, with poorer energy resolution, were not included. The total active
mass was therefore 2.174 mg, for a 187Re activity of 1.17Bq. The final beta spectrum obtained from
the sum of the 8 working detectors corresponds to about 8745 hours×mg [119]. The performance
of the detectors were quite stable during the run and are reported in Tab. 2.
All X-ray peaks in the calibration spectrum showed tails on the low energy side, and the
thermalization noise of AgReO4 caused their width to increase with the energy (Fig. 21). The
fit of spectrum (Fig. 21) gave a squared neutrino mass of m2νe = −112 ± 207stat ± 90sys, which
translates in an upper limit mνe ≤ 15 eV at 90% C.L. The systematic error was dominated by the
uncertainties on the energy resolution function, on the background, and on the theoretical shape
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of the spectrum.
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Figure 22: Escape peaks due to the exposure of AgReO4 microcalorimeters to a
44Ti source [120]
(left) BEFS in the MIBETA final spectrum [106] (right).
Additional lower statistics measurements with the same set-up were carried out to study and
reduce the background, and to investigate the energy response function. In particular, using the
escape peaks caused at about 17 keV by the irradiation with a 44Ti gamma source (see Fig. 22) as
comparison, it was possible to partly understand the complex shape of the X-ray calibration peaks
and to establish that at least the longest of the observed tails were due to surface effects [120].
Although BEFS (see §6.3 and Fig. 16) is almost one order of magnitude fainter in AgReO4 than
in metallic rhenium, it was observed also in the high statistics spectra of MIBETA [106] (Fig. 22).
In particular, the BEFS ripple interpolation allowed to determine that p3/2 to s1/2 branching ratio
in the 187Re beta emission is 0.84 ± 0.30, which is compatible with the expected prevalent p3/2
emission (see § 6.2).
6.6. MARE
The MANU and MIBETA results, together with the constant advance in the LTD technology,
made it reasonable to propose a larger scale project: the Microcalorimeter Arrays for a Neutrino
Mass Experiment (MARE). The ambition of MARE was to establish a sub-eV neutrino mass
sensitivity through a gradual deployment approach. The project was started in 2005 by a large
international collaboration [121, 122] and it was organized in two phases.
The final objective of a sub-eV statistical sensitivity on the electron neutrino mass was the goal
of the second phase. To accomplish this, the program was to gradually deploy several large arrays
– about 104 elements each – of detectors, with energy and time resolutions of the order of 1 eV and
1µs, respectively. Each pixel was planned to have a source activity of about few counts per second
in order to collect a total statistics of about 1014 beta decays in up to ten years of measurement
time (see Fig. 23) [121]. Fig. 23 shows also the MARE sensitivity to the emission of heavy sterile
neutrinos with masses below 2 keV (§ 5.4).
Phase 1 – also called MARE-1 – had the task to ascertain the most suitable technical approach
for the final experimental phase, also with the help of smaller scale experiments. An R&D program
was started with the aim to improve the understanding of the superconducting rhenium absorbers
and of their optimal coupling to sensors, and to develop the appropriate array technology and
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Table 2: Comparison of the MANU and MIBETA experiments.
MANU MIBETA
source / absorber metallic Re AgReO4
sensor NTD Si implanted thermistor
number of detectors 1 8
total mass [µg] 1572 (Re) 2174 (AgReO4)
measuring time tM [h] ≈ 2800 ≈ 8700
total activity A [Bq] 1.1 (above 350 eV) 1.17 (above 700 eV)
energy resolution ∆EFWHM[eV] 96 (at 5.9 keV) 28.5 (average at
187Re end-point)
rise time [µs] ≈ 1000 492 (average 10-90%)
statistics Nev 6× 10
6 (above 420 eV) 6.2× 106 (above 700 eV)
pile-up fraction fpp – 2.3 × 10
−4
E0 [eV] 2470 ± 1stat ± 4sys 2465.3 ± 0.5stat ± 1.6sys
τ1/2 [10
10 y] 4.12 ± 0.02stat ± 0.11sys 4.32 ± 0.02stat ± 0.01sys
m2νe [eV
2] −462+579
−679 −112 ± 207stat ± 90sys
mνe 90% [eV] 19 15
background b [c/eV/day] 3× 10−4 1.7 × 10−4
multiplexed read-out scheme [121]. At the same time, two intermediate size experiments carried
out with the available technologies aimed to reach a neutrino mass sensitivity of the order of 1 eV,
and to improve the understanding of all the systematics peculiar of the calorimetric approach with
187Re. Furthermore, MARE-1 started to explore the alternative use of 163Ho for a calorimetric mea-
surement of the neutrino mass. Given the unavoidable competition with the KATRIN experiment,
the time schedule for MARE was quite tight.
The physics of metallic rhenium as absorber for the MARE detectors was the focus of the
Genova and the Heidelberg groups. The best technologies available for the MARE-2 arrays were:
1) the Transition Edge Sensors (TES) with Frequency Division Multiplexing, investigated by the
Genova group and Physikalisch-Technische Bundesanstalt (PTB, Berlin, Germany); 2) the Metallic
Magnetic Calorimeters (MMC) with Microwave Squid Multiplexing, developed by the Heidelberg
group; and 3) Microwave Kinetic Inductance Detectors (MKID) with Microwave Multiplexing,
explored by the Milano group. The Genova group, in collaboration with Miami and Lisbon,
planned an experiment consisting of an array of 300 TES detectors, with a total mass of about
1mg of rhenium single crystals [123]. With energy and time resolutions of about 10 eV and 10µs,
respectively, the sensitivity attainable in 3 years of measuring time was estimated to be around
1.8 eV at 90% C.L., for a statistics of about 3× 1010 decays. The Milano group, together with the
NASA/GSFC and Wisconsin groups, deployed an array of silicon implanted thermistors coupled to
AgReO4 absorbers. The experiment used 8 of the 36 pixel arrays that NASA/GSFC had developed
for the XRS2 instrument [124]. With 288 pixels attached to about 500µg AgReO4 crystals, and
with energy and time resolutions of about 25 eV and 250µs, respectively, a sensitivity around 3.3 eV
at 90% C.L. was expected in 3 years of measuring time, with a statistics of about 7× 109 decays.
Unfortunately, the MARE-1 outcomes were quite disappointing, and MARE-2 ended up can-
celed before taking off. The lack of success of the MARE initiative was mostly the consequence
of the final acknowledgment of the impossibility to fabricate rhenium microcalorimeters matching
the specifications set by the aimed sub-eV sensitivity. The systematic investigations carried out at
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Figure 23: Statistical sensitivity of MARE final experiment. Curves are calculated for the deploy-
ment of 10000 pixels per year for the first 5 years (left). Statistical sensitivity to the emission
of heavy neutrinos with mass mH . From lower to upper curve: Monte Carlo simulation with
Nev = 10
14, fpp = 10
−6 and ∆E = 1.5 eV; Monte Carlo simulation with Nev = 8× 10
9, fpp = 10
−5
and ∆E = 15 eV; MIBETA experiment (unpublished); MANU experiment [109] (right).
Heidelberg with rhenium absorbers coupled to MMC, despite some noteworthy progress, arrived
to conclusions similar to that of past works: rhenium absorbers behave inconsistently, showing a
large deficit in the energy thermalization accompanied by long time constants [125]. Therefore
the challenging idea of improving and scaling up the pioneer experiments using metallic rhenium
absorbers turned out to be a dead end road.
Indeed, also the other experimental efforts of MARE-1 encountered several difficulties [126].
For example, the setting up of arrays of AgReO4 crystals turned out to be more troublesome
than expected. The freshly polished surfaces of AgReO4 crystals shaped to cuboids resulted to
be incompatible with the sensor coupling methods used successfully in MIBETA with as-grown
small crystals. Despite the use of a micro-machined array of silicon implanted thermistors, the
performance of the pixels were irreproducible and, while gradually populating and testing the
XRS2 array with AgReO4 crystals, the performance of the instrumented pixels started to degrade.
This made the array finally unusable. Given the sorts of the MARE project, also this branch of
the MARE-1 program was thus dropped in 2013.
6.7. Future of rhenium experiments
From the MARE experience, it is clear that a large scale neutrino mass experiment based on
187Re beta decay is not foreseeable in the near future. It would require a major step forward in the
understanding of the superconductivity of rhenium but, after more than 20 years of efforts, this is
not anymore in the priorities of the LTD scientific community. Besides the intrinsic problems of
metallic rhenium, there are other considerations which make rhenium microcalorimeters not quite
an appealing choice for high statistics measurements. Because of the large half life of 187Re, the
specific activity of metallic rhenium is too low to design pixels with both high performance and high
intensity beta sources. The 187Re activity required by a high statistics experiment must be therefore
distributed over a large number of pixels – of the order of 105 – while the difficulties inherent with
the production of high quality metallic rhenium absorbers contrast with the full micro-fabrication
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Figure 24: 31 AgReO4 crystal glued on the first XRS2 array of MARE-1 (left). The 16 usable
pixel give ∆E≈ 47 eV at 2.6 keV, τR ≈ 1ms. Spectrum measured with the best pixel (right).
of the arrays. MARE-1 also demonstrated that AgReO4 is not a viable alternative to metallic
rhenium. For these reasons the new hope for a calorimetric neutrino mass experiment with LTDs
is 163Ho.
7. Current Experiments
7.1. Calorimetric absorption spectrum of 163Ho EC
A.De Rujula introduced the idea of a calorimetric measurement of 163Ho EC decay already in
1981 [25], but it was only one year later that this idea was fully exploited in the paper written with
M.Lusignoli [38]. The EC decay
163Ho + e− →163 Dy + νe (49)
has the lowest known Q value, around 2.5 keV, and its half-life of about 4750 years is much shorter
than the 187Re one. In [38] the authors compute the calorimetric spectrum and give also an estimate
of the statistical sensitivity to the neutrino mass at the spectrum end-point, including the presence
of the pile-up background. Unfortunately, at that time the experimental measurements of the Q
value were scattered between 2.3 keV to 2.8 keV causing a large uncertainties on the achievable
statistical sensitivity.
A calorimetric EC experiment records all the de-excitation energy and therefore it measures
the escaping neutrino energy Eν – see (17). The de-excitation energy Ec is the energy released
by all the atomic radiation emitted in the process of filling the vacancy left by the EC decay,
mostly electrons with energies up to about 2 keV (the fluorescence yield is less than 10−3) [27].
The calorimetric spectrum has lines at the ionization energies Ei of the captured electrons. These
lines have a natural width Γi of a few eV, therefore the actual spectrum is a continuum with
marked peaks with Breit-Wigner shapes (Figure 25). The spectral end-point is shaped by the same
neutrino phase space factor (Q−E)
√
(Q− E)2 −m2νe that appears in a beta decay spectrum, with
the total de-excitation energy Ec replacing the electron kinetic energy E. For a non-zero mνe , the
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Figure 25: Calculated 163Ho EC calorimetric spectrum for Q = 2.3 keV (blue) and Q = 2.8 keV
(red), and for ∆E = 2eV and Nev = 10
14.
de-excitation (calorimetric) energy Ec distribution is expected to be
NEC(Ec,mνe) =
G2β
4pi2
(Q− Ec)
√
(Q− Ec)2 −m2ν
∑
i
niCiβ
2
i Bi
Γi
2pi
1
(Ec − Ei)2 + Γ
2
i /4
(50)
where Gβ = GF cos θC (with the Fermi constant GF and the Cabibbo angle θC), Ei is the binding
energy of the i-th atomic shell, Γi is the natural width, ni is the fraction of occupancy, Ci is the
nuclear shape factor, βi is the Coulomb amplitude of the electron radial wave function (essentially,
the modulus of the wave function at the origin) and Bi is an atomic correction for electron exchange
and overlap. The sum in (50) runs over the Dy shells which are accessible to the EC with the
available Q (M1, M2, N1, N2, O1, O2, and P1). The expression (50) is derived in [38], where
numerical checks to test the validity of the approximations made are also presented.
Until about 2010 only three calorimetric absorption measurements were reported in the litera-
ture:
1. the ISOLDE collaboration used a Si(Li) detector with an implanted source [127, 35];
2. Hartman and Naumann used a high temperature proportional counter with organometallic
gas [37];
3. Gatti et al. used a cryogenic calorimeter with a sandwiched source [128].
However, none of these experiments had the sensitivity required for an end-point measurement,
therefore they all gave results in terms of capture rate ratios. The most evident limitations of these
experiments were statistics and energy resolution. One further serious trouble for the Si(Li) and
the cryogenic detectors was the incomplete energy detection caused by implant damages and weak
thermal coupling of the source, respectively.
Recently a new generation of calorimetric holmium experiments has been stimulated by the
MARE project. In fact, despite the shortcomings of previous calorimetric experiments, and theo-
retical and experimental uncertainties, a 163Ho calorimetric absorption experiment seems the only
way to achieve sub-eV sensitivity for the neutrino mass. Moreover, low temperature X-ray mi-
crocalorimeters have reached the necessary maturity to be used in a large scale experiment with
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good energy and time resolution, hence they are the detectors of choice for a sub-eV holmium
experiment.
Thanks to the short 163Ho lifetime, the limited number of nuclei needed for a neutrino mass
experiment – 1011 nuclei for 1 decay/s – can be introduced in the energy absorber of a low tem-
perature microcalorimeter. Therefore, holmium experiments can leverage the microcalorimeters
development for high energy resolution soft X-ray spectroscopy, whereas rhenium experiments
would need a dedicated development of detectors with metallic rhenium absorbers. Small footprint
kilo-pixel arrays can be fully fabricated with well established micro-fabrication techniques.
Indeed, in microcalorimeters with metallic absorbers such as gold, the relatively high concentra-
tion of holmium (J = 7/2) could cause an excess heat capacity due to hyperfine level splitting in the
metallic host [62] and thereby degrade the microcalorimeter performance. Low temperature mea-
surements have been already carried out in the framework of the MARE project to assess the gold
absorber heat capacity (at temperatures < 150mK), both with holmium and erbium implanted
ions [129]. Those tests did not show any excess heat capacity, but more sensitive investigations
need to be carried out.
The Genova group pioneered the application of LTDs to the measurement of the 163Ho calori-
metric spectrum [128] and continued this research until it converged in the MARE project [130].
For long, the focus has been on the production of the 163Ho isotope, on the chemistry of metallic
holmium, and on the techniques to embed the isotope in the detector absorbers.
The new experiments, now ready to start the production of high resolution detectors for the
high statistics calorimetric measurement of the 163Ho EC decay spectrum, will be the subject of
next sections.
7.2. The Q value of 163Ho decay
Until very recently, the question of the exact Q value of the 163Ho EC decay was not settled.
Although the results showed a general tendency to accumulate around 2.8 keV, especially restricting
to the calorimetric measurements [35, 128, 125], the reliability of the capture ratios as tool for
determining Q remained questionable. Indeed, the Q has never been measured directly from the
end-point of the 163Ho EC spectrum, but only from the capture ratios λi/λj , whose accuracy is
limited (§ 4). The currently recommended value of Q is 2.555±0.016 keV [131], but it is deduced
from a limited set of data. The statistical sensitivity of a 163Ho experiment depends strongly on
how close the end-point and the M2 capture peak are. To a good degree of approximation, the
Lorentzian tail of the M1 peak centered at EM1 = B(M1) dominates the end-point, and for mνe
equal to zero one has
NEC(Ec,mνe = 0) ∝
(Q− Ec)
2
(EM1 − Ec)2
=
(Q′ − E′)2
E′ 2
(51)
where E′ = Ec −EM1 and Q
′ = Q−EM1. It can be shown that, in these conditions, the neutrino
mass sensitivity is ΣEC(mνe) ∝ Q
′. The uncertainty on Q, therefore, turns into the difficulty
to design a 163Ho experiment and to predict its sensitivity reach (Fig. 26). Indeed, the shift of
attention from 187Re to 163Ho has been eased by the reasonable hope that a very low Q could
greatly enhance the achievable sensitivity of an 163Ho experiment.
Very recently, the Q value was determined from a measurement of 163Ho-163Dy mass difference
using the Penning trap mass spectrometer SHIPTRAP [132]. The measured value ∆m = 2833 ±
30stat±15sys confirms the most recurrent Q measured in recent calorimetric experiments, although
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Figure 26: Monte Carlo computed statistical sensitivity as function of Q for Nev= 3 × 10
13 and
with fpp= 3× 10
−4, ∆EFWHM= 1eV, and no background.
chemical shifts may still be expected for 163Ho embedded in the LTD absorbers. The knowledge of
the Q value is indeed a crucial ingredient for the optimal design of an experiment, while its limited
precision and accuracy prevent from using it as fixed parameter when the experimental data are
interpolated to assess the neutrino mass [133]. Nevertheless, a comparison of the Q from the
interpolation with a value obtained with an independent measurement – such as the 163Ho-163Dy
mass difference – is a powerful tool to pinpoint systematic effects.
In any case, the direct assessment of Q from the end-point of the calorimetric spectrum, remains
the first important goal of upcoming high statistics measurements.
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Figure 27: Calculated experimental 163Ho EC calorimetric spectrum for Q = 2.8 keV, ∆E = 2eV,
fpp = 10
−4, and Nev = 10
14 (blue). The pile-up spectrum is the red curve (left). Monte Carlo
estimated statistical sensitivity for ∆E = 1 eV, τR = 1µs, and for fpp = 10
−3, 10−4, 10−5,
and 10−6 (from top to bottom). To two dashed lines correspond to (top) AEC = 1000Bq and
Ndey × tM = 10
7 detector×year and (bottom) AEC = 1Bq and Ndey × tM = 3× 10
9 detector×year
(right).
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Figure 28: Calculated experimental 163Ho EC calorimetric spectrum for Q = 2.8 keV, ∆E = 1eV,
for a constant exposure of 105 detector×year, and for (top to bottom) τR = 10µs, 1µs, and 0.1µs
(left). Sensitivity to heavy sterile neutrinos detected from kinks in a 163Ho calorimetric spectrum
with Q = 2.8 keV, Nev = 3× 10
13, ∆E = 1eV, and fpp = 3× 10
−4. (right).
7.3. Statistical sensitivity
While the complexity of both the EC and the pile-up spectra make an analytical estimate of the
statistical sensitivity an impossible task, a Monte Carlo approach analogous to the one described
in § 6.3 can give useful results [134]. Most of the considerations made for 187Re are also valid in the
case 163Ho. The general conclusion about the importance of the total statistics is well exemplified
by Fig. 27 for the now established Q value of 2800 eV: indeed, the high Q value raises the stakes
of the experimental challenge and the prospects for a sub-eV sensitivity are scaled down. Table 3
shows the exposures required for two possible experiments aiming at a mνe sensitivity of 0.2 and
0.1 eV, respectively (see also Fig. 28). Although it may be possible to design microcalorimeters with
a high 163Ho activity, sub-eV sensitivity will likely require arrays with total number of channels
of the order of 106. Indeed, there are several limitations to the possible activity AEC, such as, for
example, the effect of the 163Ho nuclei on the detector performance or detector cross-talk and dead
time considerations. As shown in § 6.3, a high activity AEC causes an increase of fpp and thereby
a reduced sensitivity to radioactive background. This, along with the relative thinner aspect-ratio
of microcalorimeters with 163Ho, makes it likely that it is not strictly necessary to operate arrays
in an underground laboratory [134].
No high statistics measurement faced so far with the task of a careful estimation of systematic
uncertainties. Nevertheless it is fair to say that there are some substantial differences between the
systematic uncertainties expected for 187Re and 163Ho experiments, which are worth a mention. To
avoid spectral distortions due to the escape of radiation, the absorbers must provide a 4pi encap-
sulation with a minimum thickness of few microns. For gold absorbers, Monte Carlo simulations
indicate a thickness of 2µm for a 99.99998% (99.927%) absorption of 2 keV electrons (photons).
Furthermore, the M1 and M2 peaks in the calorimetric spectrum provide a useful tool to
evaluate the detector response function overcoming the problems related to the use of an external
X-ray source (§ 6.3). The same peak can also be exploited for energy calibration, for tracking and
correcting gain drifts, and for easing the summation of the spectra measured with the many pixels
of the arrays.
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Table 3: Experimental exposure required for various target statistical sensitivities, with no back-
ground and two different sets of detector parameters.
Q target sensitivity AEC ∆E τR Nev exposure T
[eV] [eV] [counts/s] [eV] [ µs ] counts [detector×year]
2800 0.2 100 1 0.1 9.8× 1015 3.1 × 106
2800 0.1 100 0.3 0.1 1.9× 1017 5.9 × 107
7.4. A more precise description of the 163Ho EC spectrum
While the question of the actual Q value of the 163Ho EC transition is now settled, many
authors are still debating about the precise shape of the calorimetric spectrum. Indeed, (50) is
only an approximation. Already in the original work [38], it was demonstrated the applicability
of two approximations: the neglection of possible interference between the capture from different
levels, and the inclusion of transitions with off-shell intermediate states such as K and L.
Riisager in 1988 [135] discussed the distortions of the Lorentzian peak shape expected when
considering that, in the atomic radiation cascade, the atomic phase space available at each step is
altered by the natural width of previous transitions.
More recently, beginning with Robertson papers [136, 137], some authors started to recognize
that the sum in (50) must be extended to more transitions which initially were deemed as negligible
[138]. This is caused by the incomplete overlap between the Ho and Dy atomic wave functions.
Recalling that calorimeters measure the neutrino energy Eν , while writing (50) it was assumed
Eν = Q−B(H) (52)
where B(H) is the binding energy of shell H in a Dy atom, i.e. the energy to fill the hole H in
the Dy+ atom. But this is not correct. The hole H is in a neutral Dy atom with an extra (the
eleventh) 4f electron, because the parent Ho atom has an electronic configuration which differs
from the one of Dy in the number of 4f electrons (11 vs. 10) (see also [139]). Following [26] this
can be expressed as
Eν = Q−B(H)− ER (53)
where ER is a correction which accounts for the imperfect atomic wave functions overlap. So the
capture peaks in the calorimetric spectrum are expected to be shifted by a small amount which
Roberston [137] calculated as ER ≈ B(4f)Ho, where B(4f)Ho is the binding energy of the 4f
electron in the Ho atom. The atomic wave function mismatch goes along with the possibility
of shake-up and shake-off processes, adding more final states to the 163Ho EC transition and,
therefore, more terms in the sum in (50). These processes are the ones responsible for the presence
in the final states of two (or more) vacancies created in the Dy atom, along with the extra 4f
electron. The second vacancy is left by an atomic electron which has been shaken by the sudden
change in the wave functions to an higher bound unoccupied state (shake-up) or to the continuum
(shake-off). In the case of shake-up processes the neutrino energy is given by [137]
Eν = Q−B(H1)−B(H2)− ER (54)
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and the contribution to (50) it is just another Lorentzian peak term with Ei = B(H1)+B(H2)+ER.
The case of the shake-off process is more complex because it is a three-body process
163Ho→163 DyH1H2 + e− + νe (55)
and
Eν + Ee = Q−B(H1)−B(H2)− ER (56)
The corresponding contribution to (50) is not a narrow line since Ee adds up to the observable
atomic dis-excitation B(H1)−B(H2)−ER. The actual shape of the energy spectrum of the shaken-
off electrons can be calculated as shown in [140]. In general, the probability for the multi-hole
processes is small and it can be estimated to be of the order of 10−5 [138]. The precise calculation
of the 2- or 3-hole processes probability is treated in many recent papers [137, 141, 142], with the
purpose to improve past results from [143], although, so far, all calculations apparently consider
only shake-up processes.
In Figure 29 the dashed line is the 163Ho EC calorimetric spectrum calculated including 2-holes
excitations and using the parameters calculated in [141].
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Figure 29: Predicted single and double holes calorimetric spectrum of the EC decay of 163Ho with
Q = 2.8 keV (left). The experimental spectrum analogous to the one in Fig. 27 with double hole
transitions included (right).
.
The awareness of the above corrections to (50) triggered some skepticism about the actual
feasibility of a neutrino mass measurement from the end-point of the calorimetric 163Ho EC spec-
trum. The main argument is that, since the neutrino mass is searched as the difference between
the observed experimental spectrum and the theoretical one for mνe = 0, the a priori knowledge
of the latter one is an absolute condition.
However, it can be argued that all the above corrections are immaterial for the neutrino mass
measurement since, at the end-point, they have no other effect than altering the overall rate, i.e.
the spectrum normalization, while the shape remains determined by the phase space factor. The
change in the rate may be even in the direction of a favorable increase. This is indeed the beauty
of the calorimetric experimental approach.
For what concerns the additional 2- or 3-holes transitions, a more subtle threat to the neutrino
mass measurement with 163Ho is brought by the underlying pile-up spectrum: as it can be seen in
Fig. 29, these higher order transitions cause additional peaks to appear in the end-point vicinity.
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7.5. 163Ho production
163Ho is not a naturally occurring isotope: it was discovered at Princeton in a sample of 162Er
that was neutron irradiated in a nuclear reactor [144]. To carry out neutrino mass experiments with
163Ho, the isotope must be produced in fairly large amounts. Upcoming medium size experiments
will have to contain about 1016 nuclei of 163Ho – i.e. about 3µg – for a total activity of the order
of 105 Bq. The isotope production and separation are critical steps in every plan for an ambitious
holmium neutrino mass experiment. There are many nuclear reactions which can be exploited
to produce 163Ho. A comprehensive critical evaluation of all possible 163Ho production routes is
presented in [145] although, presently, not all the cross-sections of the considered processes are
experimentally known.
In general, the production process starts with a nuclear reaction, which can be either direct
– such as natDy(p, xn)163Ho – or indirect – such as 162Er(n, γ)163Er →163 Ho. These reactions
unavoidably co-produce other long-living radioactive species – also owing to the presence of un-
necessary isotopes in the target material – which need to be removed to prevent interferences to the
neutrino mass measurement. Chemical separation of holmium can remove most of them, with the
notable exception of the beta decaying isomer 166mHo (τ1/2 = 1200 years, E0 = 1854 keV). Geant4
Monte Carlo simulations performed for gold absorbers show that each Bq of 166mHo can contribute
about 1 count/eV/day to the background level in the end-point region of the 163Ho spectrum [146].
Therefore, 166mHo must be removed by means of a further isotope mass separation step. The key
parameters of the entire process are the 163Ho isotope production rate, the 166mHo/163Ho ratio,
and the efficiencies of chemical and mass separations. They determine the amount of starting
material that is required to have the target number of 163Ho nuclei to be embedded in the detector
absorbers. Of course, also the final embedding process causes further isotope losses which must be
considered, although in some approaches the embedding is part of the production process – e.g.
when the embedding is achieved by means of the same accelerator used for mass separation. When
all efficiencies entering in the process are considered, the 163Ho needed for the next high statistic
measurements is likely to increment to tens or hundreds of MBq.
Early experiments used the same process with which the isotope was discovered, i.e. neutron
irradiation of 162Er. Another route used for past experiments is based on proton spallation with
Ta targets. The experiments presented in the following use either neutron irradiation of enriched
162Er targets or proton irradiation of natural Dy targets.
Neutron irradiation of an enriched 162Er sample is a very efficient route. The starting mate-
rial is usually enriched Er2O3 which is available as by-product of the production of isotopes for
medical applications. The large thermal neutron cross-section σ(n, γ) ≈ 20 barns together with
the availability of high thermal neutron flux nuclear reactors – as the one of the Institut Laue-
Langevin (ILL, Grenoble, France) with a thermal neutron flux of about 1.3 × 1015 n/s/cm2 [147]
– give an estimated 163Ho production rate of about 50 kBq(163Ho)/week/mg(Er2O3), for Er2O3
enriched at 30% in 162Er. This rate may be reduced by the yet unknown cross-section of the
burn-up process 163Ho(n, γ)164Ho. Neutron irradiation causes also the production of 166mHo owing
to the presence of impurities such as 164Er and 165Ho in the enriched Er2O3 target. If the
164Er
production route prevails, for a 10% isotopic abundance in the Er2O3 target a co-production of
about A(166mHo)/A(163Ho) ≈ 0.001 can be expected. One drawback of this route is the cost for
the enriched 162Er procurement.
The 163Ho production via proton irradiation of natural Dy target depends on the proton energy
and has a production rate which is not competitive with high-flux reactors, especially for large
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Figure 30: Latest measured spectrum from ECHo, see text (from [148]).
amounts. In [145] the production rate as a function of the total cumulative charge is estimated to
be about few Bq(163Ho)/µAh/g(natDy) for 24MeV protons. 166mHo is produced by the neutrons
from the reaction 164Dy(p, n) in (n, γ) captures on 164Dy or on 165Ho contaminations. Monte
Carlo simulations give a co-production lower than A(166mHo)/A(163Ho) ≈ 10−6. In spite of its
low efficiency, the use of a natural target and the limited 166mHo co-production make this route
appealing for small scale experiments.
7.6. ECHo
ECHo is a project carried out by the Heidelberg group in collaboration with many other Euro-
pean and Indian groups [149]. The mid term goal of this project – ECHo-1k – is a medium scale
experiment with an array of 1000 MMCs, each implanted with 1Bq of 163Ho [150]. With energy
and time resolutions of at least 5 eV and 1µs, respectively, a statistical sensitivity of about 20 eV
at 90% C.L. is expected after one year of measurement (Tab. 4). The microcalorimeters are derived
from the gold detectors with Au:Er sensors designed and fabricated by the Heidelberg group for
soft X-rays spectroscopy.
So far, the results of two prototypes with 163Ho in the absorbers have been presented. For the
first prototype the 163Ho isotope was implanted at the isotope separation on-line facility ISOLDE
(CERN). Here the 163Ho, produced by spallation with protons on Ta, was accelerated, mass sep-
arated, and implanted in the absorbers of four detectors. A total 163Ho activity of 10−2 Bq was
enclosed between two gold films with dimensions 190 × 190 × 5µm3. The results of the charac-
terization of these detectors are reported in [125, 151], and include an energy resolution of about
8 eV and a remarkable rise time of about 130 ns. In the high statistics spectrum, the peaks due to
a contamination of co-produced 144Pm are visible, although decaying with time. In addition there
are structures on the high energy side of the N1 peak which are tentatively interpreted as due to
higher order EC transitions. From this measurement, the intensities of the N1 and M1 lines give
Q = 2.800 ± 0.080stat keV [125].
For the second prototype the 163Ho isotope is produced at the ILL high flux nuclear reactor by
neutron irradiating an enriched Er2O3 target. The Er2O3 sample is chemically purified at Mainz
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Figure 31: HOLMES TES pixel
both before and after irradiation. The 163Ho in the target is then mass separated and implanted
off-line at ISOLDE in the absorbers of two maXs-20 chips. The maXs-20 chips are arrays of 16
MMCs designed and optimized for soft X-ray spectroscopy [152]. About 0.2Bq are encapsulated
between two gold layers with dimensions 250×240×5 µm3. Preliminary measurements (see Fig. 30)
show an energy resolution of about 12 eV and a strong reduction of the background, and confirm
the structures on the right side of the N1 [148]. The persistence of these structures, in spite of the
improvements in the background and in the instrumental line shape, supports their interpretation
as due to processes related to the 163Ho EC decay. Another preliminary analysis discussed in [140]
interprets these as the broad structures expected for shake-off transitions.
Present ECHo activities are aimed at running ECHo-1k in the next years (2016–2018) and
include the development of the microwave multiplexed read-out of the MMCs [88], the optimization
of MMCs design, and the production of 10MBq of high purity 163Ho.
7.7. HOLMES
HOLMES is an experiment carried out by the Genoa and Milano groups in collaboration with
NIST, ILL, PSI, and Lisbon [153, 146]. The baseline program is to deploy an array of about 1000
TES based microcalorimeters each with about 300Bq of 163Ho fully embedded in the absorber, with
the goal of energy and time resolutions as close as possible to 1 eV and 1µs, respectively (Tab. 4). In
this configuration, HOLMES can collect about 3×1013 decays in 3 years of measuring time and the
expected mνe statistical sensitivity is about 1.5 eV at 90% C.L. The choice of this configuration is
driven by the aim to collect the highest possible statistics with a reasonable exposure. Despite the
high pile-up level and the technical challenge that derives from it, this provides a net improvement
on the achievable mνe sensitivity and a lower impact of the radioactive background.
The amount of 163Ho needed for the experiment is estimated to be about 100MBq and it is
being produced at ILL by neutron irradiation of an enriched Er2O3 target, subjected to chemical
pre-purification and post-separation at PSI (Villigen, Switzerland). A custom ion implanter is being
set-up in Genova to embed the isotope in the detector absorbers. It consists of a Penning sputter
ion source, a magnetic/electrostatic mass analyzer, an acceleration section, and an electrostatic
scanning stage. The full system is being designed to achieve an optimal mass separation of 163Ho vs.
166mHo. The implanter will be integrated with a vacuum chamber for the simultaneous evaporation
of gold, first to control the 163Ho concentration, and then to deposit a final Au layer to prevent
the 163Ho from oxidizing. The cathode of the ion source will be made of high purity metallic
holmium to avoid end-point deformations due to the different Q shifts in diverse chemical species.
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The metallic holmium will be obtained by thermal reduction at about 2000K, using the reaction
Ho2O3+2Y(met)→2Ho(met)+ Y2O3 [126].
HOLMES uses TES microcalorimeter arrays with µMUX read-out, both fabricated at NIST
(Boulder, USA). The DAQ exploits the Reconfigurable Open Architecture Computing Hardware
(ROACH2) board equipped with a FPGA Xilinx Virtex6 [86], which has been developed in the
framework of CASPER (Collaboration for Astronomy Signal Processing and Electronic Research).
Presently, the collaboration is working on the optimization of the isotope production processes.
Two Er2O3 samples have been irradiated at ILL and processed at PSI. ICP-MS is used to assess
the amount of 163Ho produced and the efficiency of the chemical separation. From preliminary
assessments, the total available 163Ho activity is about 50-100MBq.
The optimization of the pixel design is also in progress [154] and fig. 31 shows the design that
best matches HOLMES specifications. The absorber is made of gold and, to avoid interference to
the superconducting transition, it is placed side-by-side with the Mo/Cu sensor on a silicon nitride
membrane. The design also includes features to control the microcalorimeter speed. Energy and
time resolutions are within a factor 2-3 of the target ones, owing also to new algorithms for pile-
identification [155, 156].
HOLMES is expected to start data taking in 2018, but a smaller scale experiment with a limited
number of pixels will run in 2017, with the aim to collect a statistics of about 1010 decays in a few
months.
Figure 32: NUMECs TES detectors (left) and the latest spectrum measured from NuMECS (right),
see text (from [157]).
7.8. NuMECS
NuMECS is a collaboration of several US institutions (LANL, NIST, NSCL, CMU) with the
goal to critically assess the potential of holmium calorimetric neutrino mass measurements [158].
The NuMECS program includes the validation of the isotope production, purification, and sensor
incorporation techniques, the scalability to high resolution LTD arrays, and the understanding of
underlying nuclear and atomic physics.
Recent work has successfully tested the 163Ho production via proton irradiation of a natural
dysprosium target. About 3MBq of 163Ho have been produced by irradiating about 13 g of high
purity natural dysprosium with 3.4 × 104 µAh of 25MeV protons at the Los Alamos National
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Table 4: Comparison of the ECHo, HOLMES, and NuMECS projects.
ECHo HOLMES NUMECS
163Ho production 162Er(n, γ) 162Er(n, γ) Dy(p,)
absorber gold gold nanoporous gold
sensor Au:Er magnetic TES Mo/Cu TES Mo/Cu
present status
∆E at M1 peak [eV] 12 – 43 (incl. ΓM1)
τrise [µs] – – –
AEC [Bq] 0.2 – 0.1
projected (E0 = 2800 eV)
Ndet 1000 1000 4096
∆E [eV] < 5 1 –
τrise [µs] < 1 1 –
AEC [Bq/detector] 1 300 100
fpp 10
−6 3× 10−4 –
tM [y] 1 3 1
Σ90(mνe) [eV] 20 2 1
Laboratory Isotope Production Facility (IPF). At the same time, a cation-exchange high perfor-
mance liquid chromatography (HPLC) procedure for the chemical separation of holmium has been
developed and a separation efficiency of about 70% has been measured.
For the present testing phase, NuMECS uses TES microcalorimeters fabricated by NIST and
specially designed to be mechanically robust. The TES sensor is at the end of a silicon beam, close
to a pad used for testing the attachment of a wide range of absorbers (Fig. 32).
To incorporate the isotope in the microcalorimeter absorber, NuMECS exploits the drying of
solutions containing the 163Ho isotope onto thin gold foils. After testing many procedures, the
best results were recently obtained by deposition of an aqueous solution on nanoporous gold on a
regular gold foil, followed by annealing in dilute H2 atmosphere at 800
◦C. The microcalorimeter
absorber is made by folding and pressing a small piece of the gold foil.
Figure 32 shows a spectrum collected in 40 hours [157]. The 163Ho activity is about 0.1Bq.
Peaks have a low energy tail and show an excess broadening, explained as caused by thermalization
noise. A fit of the M1 peak gives a ∆EFWHM of about 43 eV, inclusive of the peak natural width.
All peaks are found within 1% of the tabulated positions. Remarkably, the spectrum does not
show any of the satellite peaks predicted in [159], although the statistics is still limited. There
is instead an unexplained shoulder on the high energy side of the N1 peak, which resemble the
structure observed by ECHo and interpreted as shake-off transition in [140].
NuMECS future plans include the deployment of four 1024 pixel arrays, aiming to a mνe
statistical sensitivity of about 1 eV.
8. Summary and outlook
The use of 187Re and 163Ho as an alternative to tritium for the direct measurement of the
neutrino mass was proposed in the same years when the low temperature detector technology was
moving the first steps. The idea of making low temperature detectors with rhenium absorbers im-
mediately caught up, both because it appeared to be of almost immediate realization and because
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of its appealing impact on X-ray spectroscopy. Unfortunately, on the long run the technological
difficulties inherent to the use of superconducting rhenium caused the interest of the low temper-
ature detector community to fade away, and the neutrino mass projects to have the same fate as
the X-ray applications of rhenium detectors.
163Ho measurements took more time to take off, as if they were awaiting for the readiness of the
technology of microcalorimeter arrays applied to high resolution spectroscopy of soft X-rays. Now,
163Ho neutrino mass experiments are ready to leverage this mature technology, and the interest
of the low temperature detector community is high, as demonstrated by the number of parallel
efforts. Despite the unluckily high Q value, the good prospects to perform high statistics neutrino
mass measurements in the next couple of years are also attracting the attention of the neutrino
physics community as a valid complementary alternative to KATRIN.
Acknowledgments
I would like to thank Andrea Giachero, Marco Faverzani, Elena Ferri, Andrei Puiu, and Monica
Sisti, who in various ways supported me with the writing of this paper; Maurizio Lusignoli and
Alvaro De Rujula, for the many useful discussions; and Loredana Gastaldo, Michael Rabin and
Mark Philip Croce, for providing me with updated informations on their experiments.
References
[1] K. Olive and P. D. Group, “Review of particle physics,” Chinese Physics C, vol. 38, no. 9, p. 090001, 2014.
[2] D. Boyanovsky, H. De Vega, and N. Sanchez, “Constraints on dark matter particles from theory, galaxy
observations, and n-body simulations,” Physical Review D, vol. 77, no. 4, p. 043518, 2008.
[3] S. Hannestad, “Neutrino physics from precision cosmology,” Progress in Particle and Nuclear Physics, vol. 65,
no. 2, pp. 185–208, 2010.
[4] K. Abazajian, E. Calabrese, A. Cooray, F. D. Bernardis, S. Dodelson, A. Friedland, G. Fuller, S. Hannestad,
B. Keating, E. Linder, C. Lunardini, A. Melchiorri, R. Miquel, E. Pierpaoli, J. Pritchard, P. Serra, M. Takada,
and Y. Wong, “Cosmological and astrophysical neutrino mass measurements,” Astroparticle Physics, vol. 35,
no. 4, pp. 177 – 184, 2011.
[5] Planck Collaboration, Ade, P. A. R., Aghanim, N., Armitage-Caplan, C., Arnaud, M., Ashdown, M., Atrio-
Barandela, F., Aumont, J., Baccigalupi, C., Banday, A. J., Barreiro, R. B., Bartlett, J. G., Battaner, E.,
Benabed, K., Benot, A., Benoit-Lvy, A., Bernard, J.-P., Bersanelli, M., Bielewicz, P., Bobin, J., Bock, J. J.,
Bonaldi, A., Bond, J. R., Borrill, J., Bouchet, F. R., Bridges, M., Bucher, M., Burigana, C., Butler, R. C.,
Calabrese, E., Cappellini, B., Cardoso, J.-F., Catalano, A., Challinor, A., Chamballu, A., Chary, R.-R., Chen,
X., Chiang, H. C., Chiang, L.-Y, Christensen, P. R., Church, S., Clements, D. L., Colombi, S., Colombo, L. P.
L., Couchot, F., Coulais, A., Crill, B. P., Curto, A., Cuttaia, F., Danese, L., Davies, R. D., Davis, R. J., de
Bernardis, P., de Rosa, A., de Zotti, G., Delabrouille, J., Delouis, J.-M., Dsert, F.-X., Dickinson, C., Diego,
J. M., Dolag, K., Dole, H., Donzelli, S., Dor, O., Douspis, M., Dunkley, J., Dupac, X., Efstathiou, G., Elsner,
F., Enlin, T. A., Eriksen, H. K., Finelli, F., Forni, O., Frailis, M., Fraisse, A. A., Franceschi, E., Gaier, T. C.,
Galeotta, S., Galli, S., Ganga, K., Giard, M., Giardino, G., Giraud-Hraud, Y., Gjerlw, E., Gonzlez-Nuevo, J.,
Grski, K. M., Gratton, S., Gregorio, A., Gruppuso, A., Gudmundsson, J. E., Haissinski, J., Hamann, J., Hansen,
F. K., Hanson, D., Harrison, D., Henrot-Versill, S., Hernndez-Monteagudo, C., Herranz, D., Hildebrandt, S. R.,
Hivon, E., Hobson, M., Holmes, W. A., Hornstrup, A., Hou, Z., Hovest, W., Huffenberger, K. M., Jaffe, A. H.,
Jaffe, T. R., Jewell, J., Jones, W. C., Juvela, M., Keihnen, E., Keskitalo, R., Kisner, T. S., Kneissl, R., Knoche,
J., Knox, L., Kunz, M., Kurki-Suonio, H., Lagache, G., Lhteenmki, A., Lamarre, J.-M., Lasenby, A., Lattanzi,
M., Laureijs, R. J., Lawrence, C. R., Leach, S., Leahy, J. P., Leonardi, R., Len-Tavares, J., Lesgourgues, J.,
Lewis, A., Liguori, M., Lilje, P. B., Linden-Vrnle, M., Lpez-Caniego, M., Lubin, P. M., Macas-Prez, J. F.,
Maffei, B., Maino, D., Mandolesi, N., Maris, M., Marshall, D. J., Martin, P. G., Martnez-Gonzlez, E., Masi, S.,
Massardi, M., Matarrese, S., Matthai, F., Mazzotta, P., Meinhold, P. R., Melchiorri, A., Melin, J.-B., Mendes,
L., Menegoni, E., Mennella, A., Migliaccio, M., Millea, M., Mitra, S., Miville-Deschnes, M.-A., Moneti, A.,
Montier, L., Morgante, G., Mortlock, D., Moss, A., Munshi, D., Murphy, J. A., Naselsky, P., Nati, F., Natoli,
54
P., Netterfield, C. B., Nrgaard-Nielsen, H. U., Noviello, F., Novikov, D., Novikov, I., ODwyer, I. J., Osborne,
S., Oxborrow, C. A., Paci, F., Pagano, L., Pajot, F., Paladini, R., Paoletti, D., Partridge, B., Pasian, F.,
Patanchon, G., Pearson, D., Pearson, T. J., Peiris, H. V., Perdereau, O., Perotto, L., Perrotta, F., Pettorino,
V., Piacentini, F., Piat, M., Pierpaoli, E., Pietrobon, D., Plaszczynski, S., Platania, P., Pointecouteau, E.,
Polenta, G., Ponthieu, N., Popa, L., Poutanen, T., Pratt, G. W., Przeau, G., Prunet, S., Puget, J.-L., Rachen,
J. P., Reach, W. T., Rebolo, R., Reinecke, M., Remazeilles, M., Renault, C., Ricciardi, S., Riller, T., Ristorcelli,
I., Rocha, G., Rosset, C., Roudier, G., Rowan-Robinson, M., Rubio-Martn, J. A., Rusholme, B., Sandri, M.,
Santos, D., Savelainen, M., Savini, G., Scott, D., Seiffert, M. D., Shellard, E. P. S., Spencer, L. D., Starck,
J.-L., Stolyarov, V., Stompor, R., Sudiwala, R., Sunyaev, R., Sureau, F., Sutton, D., Suur-Uski, A.-S., Sygnet,
J.-F., Tauber, J. A., Tavagnacco, D., Terenzi, L., Toffolatti, L., Tomasi, M., Tristram, M., Tucci, M., Tuovinen,
J., Trler, M., Umana, G., Valenziano, L., Valiviita, J., Van Tent, B., Vielva, P., Villa, F., Vittorio, N., Wade,
L. A., Wandelt, B. D., Wehus, I. K., White, M., White, S. D. M., Wilkinson, A., Yvon, D., Zacchei, A., and
Zonca, A., “Planck 2013 results. xvi. cosmological parameters,” A&A, vol. 571, p. A16, 2014.
[6] C. Giunti and C. W. Kim, Fundamentals of Neutrino Physics and Astrophysics. Oxford, UK: Oxford University
Press, 2007. ISBN 978-0-19-850871-7.
[7] G. Mention, M. Fechner, T. Lasserre, T. A. Mueller, D. Lhuillier, M. Cribier, and A. Letourneau, “Reactor
antineutrino anomaly,” Phys. Rev. D, vol. 83, p. 073006, Apr 2011.
[8] X. Qian and P. Vogel, “Neutrino mass hierarchy,” Progress in Particle and Nuclear Physics, vol. 83, pp. 1 –
30, 2015.
[9] V. N. Aseev et al., “An upper limit on electron antineutrino mass from Troitsk experiment,” Phys. Rev.,
vol. D84, p. 112003, 2011.
[10] C. Kraus, B. Bornschein, L. Bornschein, J. Bonn, B. Flatt, A. Kovalik, B. Ostrick, E. Otten, J. Schall,
T. Thmmler, and C. Weinheimer, “Final results from phase ii of the mainz neutrino mass searchin tritium β
decay,” The European Physical Journal C - Particles and Fields, vol. 40, no. 4, pp. 447–468, 2005.
[11] J. Schechter and J. W. F. Valle, “Neutrinoless double-beta decay in su(2) x u(1) theories,” Phys. Rev., vol. D25,
p. 2951, 1982.
[12] S. R. Elliott and P. Vogel, “Double beta decay,” Ann. Rev. Nucl. Part. Sci., vol. 52, p. 115, 2002.
[13] S. Pascoli, S. T. Petcov, and W. Rodejohann, “On the CP violation associated with Majorana neutrinos and
neutrinoless double beta decay,” Phys. Lett., vol. B549, pp. 177–193, 2002.
[14] S. Dell’Oro, S. Marcocci, and F. Vissani, “New expectations and uncertainties on neutrinoless double beta
decay,” Phys.Rev., vol. D90, p. 033005, 2014.
[15] E. Fermi, “An attempt of a theory of beta radiation. 1,” Z. Phys., vol. 88, pp. 161–177, 1934.
[16] K.-E. Bergkvist, “A high-luminosity, high-resolution study of the end-point behaviour of the tritium β-spectrum
(I). basic experimental procedure and analysis with regard to neutrino mass and neutrino degeneracy,” Nuclear
Physics B, vol. 39, pp. 317–370, 1972.
[17] K.-E. Bergkvist, “A high-luminosity, high-resolution study of the end-point behaviour of the tritium β-spectrum
(II). The end-point energy of the spectrum. comparison of the experimental axial-vector matrix element with
predictions based on PCAC.,” Nuclear Physics B, vol. 39, pp. 371–406, 1972.
[18] V. A. Lyubimov, E. G. Novikov, V. Z. Nozik, E. F. Tretyakov, and V. S. Kosik, “An estimate of the electron
- neutrino mass from the beta spectrum of tritium in the valine molecule,” Phys. Lett., vol. B94, pp. 266–268,
1980.
[19] R. G. H. Robertson and D. A. Knapp, “Direct measurements of neutrino mass,” Ann. Rev. Nucl. Part. Sci.,
vol. 38, pp. 185–215, 1988.
[20] K. E. Bergkvist, “A questioning of a claim of evidence of finite neutrino mass,” Physics Letters B, vol. 154,
no. 2, pp. 224–230, 1985.
[21] K.-E. Bergkvist, “On Some Atomic Effects in the Tritium -Spectrum,” Physica Scripta, vol. 4, no. 1-2, p. 23,
1971.
[22] C. Weinheimer, M. Przyrembel, H. Backe, H. Barth, J. Bonn, B. Degen, T. Edling, H. Fischer, L. Fleischmann,
J. Grooβ, et al., “Improved limit on the electron-antineutrino rest mass from tritium β-decay,” Physics Letters
B, vol. 300, no. 3, pp. 210–216, 1993.
[23] A. Belesev, A. Bleule, E. Geraskin, A. Golubev, N. Golubev, O. Kazachenko, E. Kiev, Y. E. Kuznetsov,
V. Lobashev, B. Ovchinnikov, et al., “Results of the troitsk experiment on the search for the electron antineu-
trino rest mass in tritium beta-decay,” Physics Letters B, vol. 350, no. 2, pp. 263–272, 1995.
[24] G. Drexlin, V. Hannen, S. Mertens, and C. Weinheimer, “Current direct neutrino mass experiments,” Advances
in High Energy Physics, vol. 2013, 2013.
[25] A. De Ru´jula, “A new way to measure neutrino masses,” Nuclear Physics B, vol. 188, no. 3, pp. 414–458, 1981.
55
[26] W. Bambynek, H. Behrens, M. H. Chen, B. Crasemann, M. L. Fitzpatrick, K. W. D. Ledingham, H. Genz,
M. Mutterer, and R. L. Intemann, “Orbital electron capture by the nucleus,” Rev. Mod. Phys., vol. 49, pp. 77–
221, Jan 1977.
[27] A. De Ru´jula and M. Lusignoli, “Single electron ejection in electron capture as a tool to measure the electron
neutrino mass,” Nuclear Physics B, vol. 219, no. 2, pp. 277–301, 1983.
[28] K. Riisager, A. De Ru´jula, P. Hansen, B. Jonson, and H. Ravn, “The Internal Bremsstrahlung spectra from
the EC beta decay of 193Pt and 163Ho,” Physica Scripta, vol. 31, no. 5, p. 321, 1985.
[29] P. Springer, C. Bennett, and P. Baisden, “Measurement of the neutrino mass using the inner bremsstrahlung
emitted in the electron-capture decay of Ho 163,” Physical Review A, vol. 35, no. 2, p. 679, 1987.
[30] B. Jonson, J. Andersen, G. Beyer, G. Charpak, A. De Rujula, B. Elbek, H. Gustafsson, P. Hansen, P. Knudsen,
E. Laegsgaard, et al., “Determination of the electron-neutrino mass from experiments on electron-capture beta
decay,” Nuclear Physics A, vol. 396, pp. 479–493, 1983.
[31] S. Yasumi, G. Rajasekaran, M. Ando, F. Ochiai, H. Ikeda, T. Ohta, P. Stefan, M. Maruyama, N. Hashimoto,
M. Fujioka, et al., “The mass of the electron neutrino and electron capture in 163 Ho,” Physics Letters B,
vol. 122, no. 5, pp. 461–464, 1983.
[32] S. Yasumi, M. Ando, H. Maezawa, H. Kitamura, T. Ohta, F. Ochiai, A. Mikuni, M. Maruyama, M. Fujioka,
K. Ishii, et al., “The mass of the electron neutrino using electron capture in 163 Ho,” Physics Letters B,
vol. 181, no. 1, pp. 169–172, 1986.
[33] S. Yasumi, H. Maezawa, K. Shima, Y. Inagaki, T. Mukoyama, T. Mizogawa, K. Sera, S. Kishimoto, M. Fujioka,
K. Ishii, et al., “The mass of the electron neutrino from electron capture in 163 Ho,” Physics Letters B, vol. 334,
no. 1, pp. 229–233, 1994.
[34] C. Bennett, A. Hallin, R. Naumann, P. Springer, M. Witherell, R. Chrien, P. Baisden, and D. Sisson, “The
X-ray spectrum following 163 Ho M electron capture,” Physics Letters B, vol. 107, no. 1, pp. 19–22, 1981.
[35] E. Laegsgaard, J. U. Andersen, G.-J. Beyer, A. De Ru´jula, P. G. Hansen, B. Jonson, and H. L. Ravn, “The
capture ratio N/M in the EC beta decay of 163Ho,” p. 7 p, Aug 1984.
[36] F. Hartmann and R. Naumann, “Observation of N and M orbital-electron capture in the decay of Ho 163,”
Physical Review C, vol. 31, no. 4, p. 1594, 1985.
[37] F. Hartmann and R. Naumann, “High temperature gas proportional detector techniques and application to
the neutrino mass limit using 163 Ho,” Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 313, no. 1, pp. 237–260, 1992.
[38] A. De Ru´jula and M. Lusignoli, “Calorimetric measurements of 163 Holmium decay as tools to determine the
electron neutrino mass,” Physics Letters B, vol. 118, no. 4, pp. 429–434, 1982.
[39] J. Angrik et al., “KATRIN design report 2004,” 2005.
[40] B. Monreal and J. A. Formaggio, “Relativistic cyclotron radiation detection of tritium decay electrons as a
new technique for measuring the neutrino mass,” Physical Review D, vol. 80, no. 5, p. 051301, 2009.
[41] D. M. Asner, R. F. Bradley, L. de Viveiros, P. J. Doe, J. L. Fernandes, M. Fertl, E. C. Finn, J. A. Formaggio,
D. Furse, A. M. Jones, J. N. Kofron, B. H. LaRoque, M. Leber, E. L. McBride, M. L. Miller, P. Mohanmurthy,
B. Monreal, N. S. Oblath, R. G. H. Robertson, L. J. Rosenberg, G. Rybka, D. Rysewyk, M. G. Sternberg, J. R.
Tedeschi, T. Thu¨mmler, B. A. VanDevender, and N. L. Woods, “Single-Electron Detection and Spectroscopy
via Relativistic Cyclotron Radiation,” Phys. Rev. Lett., vol. 114, p. 162501, Apr 2015.
[42] J. Simpson, “Limits on the emission of heavy neutrinos in H 3 decay,” Physical Review D, vol. 24, no. 11,
p. 2971, 1981.
[43] C.-R. Ching and T.-H. Ho, “On the determination of neutrino mass-critical status report.,” Physics Reports,
vol. 112, pp. 1–51, 1984.
[44] A. Franklin, “The appearance and disappearance of the 17-keV neutrino,” Reviews of Modern Physics, vol. 67,
no. 2, p. 457, 1995.
[45] F. E. Wietfeldt and E. B. Norman, “The 17 keV neutrino,” Physics reports, vol. 273, no. 3, pp. 149–197, 1996.
[46] J. Simpson, “Evidence of heavy-neutrino emission in beta decay,” Physical review letters, vol. 54, no. 17,
p. 1891, 1985.
[47] H. Abele, G. Helm, U. Kania, C. Schmidt, J. Last, and D. Dubbers, “On the origin of the 17 kev neutrino
signals, and a loss-free measurement of the 35 s β-spectrum,” Physics Letters B, vol. 316, no. 1, pp. 26–31,
1993.
[48] S. E. Koonin, “Environmental fine structure in low-energy β-particle spectra,” 1991.
[49] A. Nucciotti, E. Ferri, and O. Cremonesi, “Expectations for a new calorimetric neutrino mass experiment,”
Astroparticle Physics, vol. 34, no. 2, pp. 80–89, 2010.
[50] E. Fiorini and T. Niinikoski, “Low-temperature calorimetry for rare decays,” Nuclear Instruments and Methods
56
in Physics Research, vol. 224, no. 1, pp. 83–88, 1984.
[51] S. Moseley, J. C. Mather, and D. McCammon, “Thermal detectors as x-ray spectrometers,” Journal of Applied
Physics, vol. 56, no. 5, pp. 1257–1262, 1984.
[52] D. McCammon, S. Moseley, J. Mather, and R. Mushotzky, “Experimental tests of a single-photon calorimeter
for x-ray spectroscopy,” Journal of applied physics, vol. 56, no. 5, pp. 1263–1266, 1984.
[53] V. Barger and D. Cline, Neutrino mass and low energy weak interactions, Telemark, 1984. World Scientific,
1985.
[54] A. Blasi et al., I.N.F.N./BE-85/2, internal report. 1985.
[55] N. Coron, G. Jegoudez, H. Ravn, J. Moalic, B. Jonson, G. Dambier, O. Testard, G. Focker, H. H. Stroke,
P. Hansen, et al., “A composite bolometer as a charged-particle spectrometer,” Nature, vol. 314, no. CERN-
EP-85-15, pp. 75–76, 1985.
[56] R. Gaitskell, L. Angrave, N. Booth, A. Hahn, G. Salmon, and A. Swift, “A measurement of the beta spectrum
of 63 Ni using a new type of calorimetric cryogenic detector,” Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 370, no. 1, pp. 250–
252, 1996.
[57] L. Angrave, N. Booth, R. Gaitskell, G. Salmon, and M. Harston, “Measurement of the atomic exchange effect
in nuclear β decay,” Physical review letters, vol. 80, no. 8, p. 1610, 1998.
[58] D. Deptuck, L. Erhardt, and J. Harrison, “Achievable neutrino mass limits from calorimetric beta spec-
troscopy,” Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, De-
tectors and Associated Equipment, vol. 444, no. 1–2, pp. 80–83, 2000.
[59] L. Erhardt, D. Deptuck, and J. Harrison, “Transition-edge microcalorimeter for tritium beta decay,” Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, vol. 444, no. 1–2, pp. 92–95, 2000.
[60] C. Enss, Cryogenic particle detection, vol. 99. Springer Science & Business Media, 2005.
[61] E. Skirokoff, “Proceedings, 15th International Workshop on Low Temperature Detectors (LTD-15),” J. Low
Temp. Phys., vol. 176, no. 3-6, pp. 131–1108, 2014.
[62] C. Enss and S. Hunklinger, Low-Temperature Physics. Springer Berlin Heidelberg, 2005.
[63] M. Nahum, J. Martinis, and S. Castles, “Hot-electron microcalorimeters for x-ray and phonon detection,”
Journal of Low Temperature Physics, vol. 93, no. 3-4, pp. 733–738, 1993.
[64] K. Irwin, G. Hilton, J. Martinis, and B. Cabrera, “A hot-electron microcalorimeter for X-ray detection using
a superconducting transition edge sensor with electrothermal feedback,” Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 370, no. 1,
pp. 177–179, 1996. Proceedings of the Sixth International Workshop on Low Temperature Detectors.
[65] J. N. Ullom and D. A. Bennett, “Review of superconducting transition-edge sensors for x-ray and gamma-ray
spectroscopy,” Superconductor Science and Technology, vol. 28, no. 8, p. 084003, 2015.
[66] D. Van Vechten and K. S. Wood, “Probability of quasiparticle self-trapping due to localized energy deposition
in nonequilbrium tunnel-junction detectors,” Physical Review B, vol. 43, no. 16, p. 12852, 1991.
[67] A. Zehnder, “Response of superconductive films to localized energy deposition,” Physical Review B, vol. 52,
no. 17, p. 12858, 1995.
[68] A. Kozorezov, A. Volkov, J. Wigmore, A. Peacock, A. Poelaert, and R. Den Hartog, “Quasiparticle-phonon
downconversion in nonequilibrium superconductors,” Physical Review B, vol. 61, no. 17, p. 11807, 2000.
[69] S. Kaplan, C. Chi, D. Langenberg, J.-J. Chang, S. Jafarey, and D. Scalapino, “Quasiparticle and phonon
lifetimes in superconductors,” Physical Review B, vol. 14, no. 11, p. 4854, 1976.
[70] M. Faverzani, P. Day, A. Nucciotti, and E. Ferri, “Developments of microresonators detectors for neutrino
physics in milan,” Journal of Low Temperature Physics, vol. 167, no. 5-6, pp. 1041–1047, 2012.
[71] J. Zhang, W. Cui, M. Juda, D. McCammon, R. Kelley, S. Moseley, C. Stahle, and A. Szymkowiak, “Hopping
conduction in partially compensated doped silicon,” Physical Review B, vol. 48, no. 4, p. 2312, 1993.
[72] E. Haller, N. Palaio, M. Rodder, W. Hansen, and E. Kreysa, “NTD germanium: a novel material for low
temperature bolometers,” in Neutron transmutation doping of semiconductor materials, pp. 21–36, Springer,
1984.
[73] E. Haller, “Advanced far-infrared detectors,” Infrared Physics & Technology, vol. 35, no. 2, pp. 127–146, 1994.
[74] J. Zhang, W. Cui, M. Juda, D. McCammon, R. Kelley, S. Moseley, C. Stahle, and A. Szymkowiak, “Non-
Ohmic effects in hopping conduction in doped silicon and germanium between 0.05 and 1 K,” Physical Review
B, vol. 57, no. 8, p. 4472, 1998.
[75] E´. Aubourg, A. Cummings, T. Shutt, W. Stockwell, P. D. Barnes Jr, A. Da Silva, J. Emes, E. E. Haller, A. E.
Lange, R. R. Ross, et al., “Measurement of electron-phonon decoupling time in neutron-transmutation doped
57
germanium at 20 mK,” Journal of Low Temperature Physics, vol. 93, no. 3-4, pp. 289–294, 1993.
[76] K. D. Irwin, “An application of electrothermal feedback for high resolution cryogenic particle detection,”
Applied Physics Letters, vol. 66, no. 15, pp. 1998–2000, 1995.
[77] A. Fleischmann, L. Gastaldo, S. Kempf, A. Kirsch, A. Pabinger, C. Pies, J.-P. Porst, P. Ranitzsch, S. Scha¨fer,
F. v. Seggern, T. Wolf, C. Enss, and G. M. Seidel, “Metallic magnetic calorimeters,” in American Institute
of Physics Conference Series (B. Young, B. Cabrera, and A. Miller, eds.), vol. 1185 of American Institute of
Physics Conference Series, pp. 571–578, Dec. 2009.
[78] W.-T. Hsieh, J. Adams, S. Bandler, J. Beyer, K. Denis, H. Eguchi, E. Figueroa-Feliciano, H. Rotzinger,
G. Schneider, G. Seidel, et al., “Fabrication of metallic magnetic calorimeter X-ray detector arrays,” Journal
of Low Temperature Physics, vol. 151, no. 1-2, pp. 357–362, 2008.
[79] A. Burck, S. Kempf, S. Scha¨fer, H. Rotzinger, M. Rodrigues, T. Wolf, L. Gastaldo, A. Fleischmann, and
C. Enss, “Microstructured magnetic calorimeter with meander-shaped pickup coil,” Journal of Low Tempera-
ture Physics, vol. 151, no. 1-2, pp. 337–344, 2008.
[80] J.-P. Porst, S. Bandler, J. Adams, M. Balvin, S. Busch, M. Eckart, R. Kelley, C. Kilbourne, S. Lee, P. Nagler,
et al., “Characterization and Performance of Magnetic Calorimeters for Applications in X-ray Spectroscopy,”
Journal of Low Temperature Physics, vol. 176, no. 5-6, pp. 617–623, 2014.
[81] C. D. Reintsema, J. Beyer, S. W. Nam, S. Deiker, G. C. Hilton, K. Irwin, J. Martinis, J. Ullom, L. R.
Vale, and M. MacIntosh, “Prototype system for superconducting quantum interference device multiplexing of
large-format transition-edge sensor arrays,” Review of Scientific Instruments, vol. 74, no. 10, pp. 4500–4508,
2003.
[82] M. A. Dobbs, M. Lueker, K. A. Aird, A. N. Bender, B. A. Benson, L. E. Bleem, J. E. Carlstrom, C. L.
Chang, H.-M. Cho, J. Clarke, T. M. Crawford, A. T. Crites, D. I. Flanigan, T. de Haan, E. M. George, N. W.
Halverson, W. L. Holzapfel, J. D. Hrubes, B. R. Johnson, J. Joseph, R. Keisler, J. Kennedy, Z. Kermish,
T. M. Lanting, A. T. Lee, E. M. Leitch, D. Luong-Van, J. J. McMahon, J. Mehl, S. S. Meyer, T. E. Montroy,
S. Padin, T. Plagge, C. Pryke, P. L. Richards, J. E. Ruhl, K. K. Schaffer, D. Schwan, E. Shirokoff, H. G.
Spieler, Z. Staniszewski, A. A. Stark, K. Vanderlinde, J. D. Vieira, C. Vu, B. Westbrook, and R. Williamson,
“Frequency multiplexed superconducting quantum interference device readout of large bolometer arrays for
cosmic microwave background measurements,” Review of Scientific Instruments, vol. 83, no. 7, pp. –, 2012.
[83] G. Stiehl, W. Doriese, J. Fowler, G. Hilton, K. Irwin, C. Reintsema, D. Schmidt, D. Swetz, J. Ullom, and
L. Vale, “Code-division multiplexing for x-ray microcalorimeters,” Applied Physics Letters, vol. 100, no. 7,
p. 072601, 2012.
[84] O. Noroozian, J. A. Mates, D. A. Bennett, J. A. Brevik, J. W. Fowler, J. Gao, G. C. Hilton, R. D. Horansky,
K. D. Irwin, Z. Kang, et al., “High-resolution gamma-ray spectroscopy with a microwave-multiplexed transition-
edge sensor array,” Applied Physics Letters, vol. 103, no. 20, p. 202602, 2013.
[85] MUSTANG2: a large focal plan array for the 100 meter Green Bank Telescope, vol. 9153, 2014.
[86] S. McHugh, B. A. Mazin, B. Serfass, S. Meeker, K. O’Brien, R. Duan, R. Raffanti, and D. Werthimer, “A
readout for large arrays of microwave kinetic inductance detectors,” Review of Scientific Instruments, vol. 83,
no. 4, p. 044702, 2012.
[87] O. Bourrion, C. Vescovi, A. Catalano, M. Calvo, A. D’Addabbo, J. Goupy, N. Boudou, J. Macias-Perez,
and A. Monfardini, “High speed readout electronics development for frequency-multiplexed kinetic inductance
detector design optimization,” Journal of Instrumentation, vol. 8, no. 12, p. C12006, 2013.
[88] S. Kempf, M. Wegner, L. Gastaldo, A. Fleischmann, and C. Enss, “Multiplexed readout of MMC detector
arrays using non-hysteretic rf-SQUIDs,” Journal of Low Temperature Physics, vol. 176, no. 3-4, pp. 426–432,
2014.
[89] E. Gatti and P. F. Manfredi, “Processing the signals from solid-state detectors in elementary-particle physics,”
La Rivista del Nuovo Cimento, vol. 9, no. 1, pp. 1–146, 1986.
[90] K. N. Abazajian, M. Acero, S. Agarwalla, A. Aguilar-Arevalo, C. Albright, S. Antusch, C. Arguelles,
A. Balantekin, G. Barenboim, V. Barger, et al., “Light sterile neutrinos: a white paper,” arXiv preprint
arXiv:1204.5379, 2012.
[91] C. Destri, H. De Vega, and N. Sanchez, “Fermionic warm dark matter produces galaxy cores in the observed
scales because of quantum mechanics,” New Astronomy, vol. 22, pp. 39–50, 2013.
[92] P. Filianin, K. Blaum, S. Eliseev, L. Gastaldo, Y. N. Novikov, V. Shabaev, I. Tupitsyn, and J. Vergados,
“On the keV sterile neutrino search in electron capture,” Journal of Physics G: Nuclear and Particle Physics,
vol. 41, no. 9, p. 095004, 2014.
[93] R. Lazauskas, P. Vogel, and C. Volpe, “Charged current cross section for massive cosmological neutrinos
impinging on radioactive nuclei,” Journal of Physics G: Nuclear and Particle Physics, vol. 35, no. 2, p. 025001,
58
2008.
[94] A. G. Cocco, G. Mangano, and M. Messina, “Probing low energy neutrino backgrounds with neutrino capture
on beta decaying nuclei,” Journal of Cosmology and Astroparticle Physics, vol. 2007, no. 06, p. 015, 2007.
[95] R. Hoda´k, F. Sˇimkovic, S. Kovalenko, and A. Faessler, “Towards the detection of light and heavy relic neutri-
nos,” Progress in Particle and Nuclear Physics, vol. 66, no. 2, pp. 452–456, 2011.
[96] M. Lusignoli and M. Vignati, “Relic antineutrino capture on 163 Ho decaying nuclei,” Physics Letters B,
vol. 697, no. 1, pp. 11–14, 2011.
[97] M. Vignati and M. Lusignoli, “163Ho as a target for cosmic antineutrinos,” in Journal of Physics: Conference
Series, vol. 375, p. 042006, IOP Publishing, 2012.
[98] S. Betts, W. Blanchard, R. Carnevale, C. Chang, C. Chen, S. Chidzik, L. Ciebiera, P. Cloessner, A. Cocco,
A. Cohen, et al., “Development of a relic neutrino detection experiment at PTOLEMY: princeton tritium
observatory for light, early-universe, massive-neutrino yield,” arXiv preprint arXiv:1307.4738, 2013.
[99] Y. Li and Z.-z. Xing, “A possible detection of the cosmic antineutrino background in the presence of flavor
effects,” Physics Letters B, vol. 698, no. 5, pp. 430–437, 2011.
[100] Y. Li and Z.-z. Xing, “Captures of hot and warm sterile antineutrino dark matter on EC-decaying 63Ho nuclei,”
Journal of Cosmology and Astroparticle Physics, vol. 2011, no. 08, p. 006, 2011.
[101] C. K. Stahle, The Development of High-Resolution Calorimetric X-Ray Detectors for Compton Scattering
Experiments. PhD thesis, STANFORD UNIVERSITY., 1992.
[102] C. K. Stahle, D. Osheroff, R. L. Kelley, S. H. Moseley, and A. E. Szymkowiak, “Adapting calorimetric X-ray
detectors for Compton scattering experiments performed at high energies,” Nuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 319,
no. 1, pp. 393–399, 1992.
[103] P. Gregers-Hansen, M. Krusius, and G. Pickett, “Sign of the nuclear quadrupole interaction in rhenium metal,”
Physical Review Letters, vol. 27, no. 1, p. 38, 1971.
[104] R. Dvornicky`, K. Muto, F. Sˇimkovic, and A. Faessler, “Absolute mass of neutrinos and the first unique
forbidden β decay of Re 187,” Physical Review C, vol. 83, no. 4, p. 045502, 2011.
[105] H. De Vega, O. Moreno, E. M. De Guerra, M. R. Medrano, and N. Sanchez, “Role of sterile neutrino warm
dark matter in rhenium and tritium beta decays,” Nuclear Physics B, vol. 866, no. 2, pp. 177–195, 2013.
[106] C. Arnaboldi, G. Benedek, C. Brofferio, S. Capelli, F. Capozzi, O. Cremonesi, A. Filipponi, E. Fiorini, A. Giu-
liani, A. Monfardini, et al., “Measurement of the p to s Wave Branching Ratio of Re 187 β Decay from Beta
Environmental Fine Structure,” Physical review letters, vol. 96, no. 4, p. 042503, 2006.
[107] E. Cosulich, F. Gatti, and S. Vitale, “Further results on µ-calorimeters with superconducting absorber,”
Journal of Low Temperature Physics, vol. 93, no. 3-4, pp. 263–268, 1993.
[108] M. Galeazzi, F. Fontanelli, F. Gatti, and S. Vitale, “End-point energy and half-life of the 187 Re β decay,”
Physical Review C, vol. 63, no. 1, p. 014302, 2000.
[109] M. Galeazzi, F. Fontanelli, F. Gatti, and S. Vitale, “Limits on the Existence of Heavy Neutrinos in the Range
50–1000 eV from the Study of the 187 Re Beta Decay,” Physical review letters, vol. 86, no. 10, p. 1978, 2001.
[110] F. Gatti, F. Fontanelli, M. Galeazzi, A. Swift, and S. Vitale, “Detection of environmental fine structure in the
low-energy β-decay spectrum of 187Re,” Nature, vol. 397, no. 6715, pp. 137–139, 1999.
[111] E. Cosulich, G. Gallinaro, F. Gatti, and S. Vitale, “Detection of 187 Re beta decay with a cryogenic mi-
crocalorimeter. Preliminary results,” Physics Letters B, vol. 295, no. 1, pp. 143–147, 1992.
[112] F. Fontanelli, M. Galeazzi, F. Gatti, A. Swift, and S. Vitale, “Data analysis in β-spectroscopy with cryogenic
detectors,” Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, vol. 421, no. 3, pp. 464–470, 1999.
[113] F. Gatti, “Microcalorimeter measurements,” Nuclear Physics B-Proceedings Supplements, vol. 91, no. 1,
pp. 293–296, 2001.
[114] A. Alessandrello, C. Brofferio, C. Cattadori, R. Cavallini, O. Cremonesi, L. Ferrario, A. Giuliani, B. Margesin,
A. Nucciotti, M. Pavan, et al., “Fabrication and low-temperature characterization of Si-implanted thermistors,”
Journal of Physics D: Applied Physics, vol. 32, no. 24, p. 3099, 1999.
[115] A. Faes, F. Giacomozzi, B. Margesin, and A. Nucciotti, “Fabrication of silicon bolometers with bulk mi-
cromachining technology,” Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, vol. 520, no. 1, pp. 493–495, 2004.
[116] A. Alessandrello, J. Beeman, C. Brofferio, O. Cremonesi, E. Fiorini, A. Giuliani, E. Haller, B. Margesin,
A. Monfardini, A. Nucciotti, et al., “Bolometric measurements of beta decay spectra of 187 Re with crystals
of silver perrhenate,” Physics Letters B, vol. 457, no. 1, pp. 253–260, 1999.
[117] C. Arnaboldi, C. Brofferio, O. Cremonesi, E. Fiorini, C. Lo Bianco, L. Martensson, A. Nucciotti, M. Pavan,
59
G. Pessina, S. Pirro, E. Previtali, M. Sisti, A. Giuliani, B. Margesin, and M. Zen, “Bolometric Bounds on the
Antineutrino Mass,” Phys. Rev. Lett., vol. 91, p. 161802, Oct 2003.
[118] A. Alessandrello, C. Arpesella, C. Brofferio, C. Bucci, C. Cattadori, O. Cremonesi, E. Fiorini, A. Giuliani,
S. Latorre, A. Nucciotti, et al., “Measurements of internal radioactive contamination in samples of roman lead
to be used in experiments on rare events,” Nuclear Instruments and Methods in Physics Research Section B:
Beam Interactions with Materials and Atoms, vol. 142, no. 1, pp. 163–172, 1998.
[119] M. Sisti, C. Arnaboldi, C. Brofferio, G. Ceruti, O. Cremonesi, E. Fiorini, A. Giuliani, B. Margesin, L. Martens-
son, A. Nucciotti, et al., “New limits from the Milano neutrino mass experiment with thermal microcalorime-
ters,” Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment, vol. 520, no. 1, pp. 125–131, 2004.
[120] E. Ferri, S. Kraft-Bermuth, A. Monfardini, A. Nucciotti, D. Schaeffer, and M. Sisti, “Investigation of peak
shapes in the MIBETA experiment calibrations,” The European Physical Journal A, vol. 48, no. 10, pp. 1–13,
2012.
[121] “Mare proposal.” http://crio.mib.infn.it/wig/silicini/proposal/proposal_MARE_v2.6.pdf/. Accessed:
2015-11-1.
[122] A. Nucciotti, “Neutrino mass calorimetric searches in the {MARE} experiment,” Nuclear Physics B - Proceed-
ings Supplements, vol. 229232, pp. 155 – 159, 2012. Neutrino 2010.
[123] D. Pergolesi, L. Gastaldo, F. Gatti, M. R. Gomes, P. Repetto, S. Dussoni, and R. Valle, “Manu-2: A second
generation experiment for calorimetric neutrino mass determination with superconducting re,” Nuclear In-
struments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, vol. 559, no. 2, pp. 349 – 351, 2006. Proceedings of the 11th International Workshop on Low
Temperature DetectorsLTD-1111th International Workshop on Low Temperature Detectors.
[124] A. Nucciotti, C. Arnaboldi, J. Beeman, F. Capozzi, G. Ceruti, C. Kilbourne, E. Kreysa, D. McCammon,
A. Monfardini, G. Pessina, et al., “Comparison between implanted Si and NTD-Ge thermistors performance
in AgReO 4 microcalorimeters for a new neutrino mass experiment,” Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 559, no. 2,
pp. 367–369, 2006.
[125] P.-O. Ranitzsch, J.-P. Porst, S. Kempf, C. Pies, S. Scha¨fer, D. Hengstler, A. Fleischmann, C. Enss, and
L. Gastaldo, “Development of metallic magnetic calorimeters for high precision measurements of calorimetric
187Re and 163Ho spectra,” Journal of Low Temperature Physics, vol. 167, no. 5-6, pp. 1004–1014, 2012.
[126] E. Ferri, D. Bagliani, M. Biassotti, G. Ceruti, D. Corsini, M. Faverzani, F. Gatti, A. Giachero, C. Gotti,
C. Kilbourne, A. Kling, S. Kraft-Bermuth, M. Maino, P. Manfrinetti, A. Nucciotti, G. Pessina, G. Pizzigoni,
M. Ribeiro Gomes, D. Schaeffer, and M. Sisti, “Preliminary results of the mare experiment,” Journal of Low
Temperature Physics, vol. 176, no. 5-6, pp. 885–890, 2014.
[127] H. L. Ravn, G. J. Beyer, A. De Rujula, B. Jonson, J. U. Andersen, P. G. Hansen, and E. Lagsgaard, “THE N/M
ELECTRON CAPTURE RATIO OF THE NEUTRINO MASS PROBE HO-163,” in MASSIVE NEUTRINOS
IN ASTROPHYSICS AND IN PARTICLE PHYSICS. PROCEEDINGS, 4TH MORIOND WORKSHOP, LA
PLAGNE, FRANCE, JANUARY 15-21, 1984, pp. 287–294, 1984.
[128] F. Gatti, P. Meunier, C. Salvo, and S. Vitale, “Calorimetric measurement of the 163Ho spectrum by means of
a cryogenic detector,” Physics Letters B, vol. 398, no. 3–4, pp. 415–419, 1997.
[129] K. Prasai, E. Alves, D. Bagliani, S. B. Yanardag, M. Biasotti, M. Galeazzi, F. Gatti, M. R. Gomes, J. Rocha,
and Y. Uprety, “Thermal properties of holmium-implanted gold films for a neutrino mass experiment with
cryogenic microcalorimeters,” Review of Scientific Instruments, vol. 84, no. 8, p. 083905, 2013.
[130] L. Gastaldo, P. Manfrinetti, F. Gatti, G. Gallinaro, D. Pergolesi, M. Gomes, M. Razeti, S. Dussoni, P. Repetto,
and R. Valle, “Superconducting absorber for 163ho electron capture decay measurement,” Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment,
vol. 520, no. 13, pp. 224 – 226, 2004. Proceedings of the 10th International Workshop on Low Temperature
Detectors.
[131] C. Reich and B. Singh, “Nuclear Data Sheets for A= 163,” Nuclear Data Sheets, vol. 111, no. 5, pp. 1211–1469,
2010.
[132] S. Eliseev, K. Blaum, M. Block, S. Chenmarev, H. Dorrer, C. E. Du¨llmann, C. Enss, P. Filianin, L. Gastaldo,
M. Goncharov, et al., “Direct Measurement of the Mass Difference of Ho 163 and Dy 163 Solves the Q-Value
Puzzle for the Neutrino Mass Determination,” Physical review letters, vol. 115, no. 6, p. 062501, 2015.
[133] E. Otten, J. Bonn, and C. Weinheimer, “The Q-value of tritium β-decay and the neutrino mass,” International
Journal of Mass Spectrometry, vol. 251, no. 2, pp. 173–178, 2006.
[134] A. Nucciotti, “Statistical sensitivity of 163Ho electron capture neutrino mass experiments,” The European
60
Physical Journal C, vol. 74, no. 11, pp. 1–6, 2014.
[135] K. Riisager, “On low-energy nuclear electron capture,” Journal of Physics G: Nuclear Physics, vol. 14, no. 10,
p. 1301, 1988.
[136] R. Robertson, “Can neutrino mass be measured in low-energy electron capture decay?,” arXiv preprint
arXiv:1411.2906, 2014.
[137] R. Robertson, “Examination of the calorimetric spectrum to determine the neutrino mass in low-energy electron
capture decay,” Physical Review C, vol. 91, no. 3, p. 035504, 2015.
[138] A. De Ru´jula, “Two old ways to measure the electron-neutrino mass,” arXiv preprint arXiv:1305.4857, 2013.
[139] P. Springer, C. Bennett, and P. Baisden, “Enhanced interaction energy shifts in the x-ray spectrum of Ho 163,”
Physical Review A, vol. 31, no. 3, p. 1965, 1985.
[140] A. De Ru´jula and M. Lusignoli, “The calorimetric spectrum of the electron-capture decay of 163Ho. A prelim-
inary analysis of the preliminary data,” arXiv preprint arXiv:1510.05462, 2015.
[141] A. Faessler, C. Enss, L. Gastaldo, and F. Sˇimkovic, “Determination of the neutrino mass by electron capture
in Ho 163 and the role of the three-hole states in Dy 163,” Physical Review C, vol. 91, no. 6, p. 064302, 2015.
[142] A. Faessler and F. Sˇimkovic, “Improved description of one-and two-hole excitations after electron capture in
Ho 163 and the determination of the neutrino mass,” Physical Review C, vol. 91, no. 4, p. 045505, 2015.
[143] T. A. Carlson and C. Nestor Jr, “Calculation of electron shake-off probabilities as the result of X-ray pho-
toionization of the rare gases,” Physical Review A, vol. 8, no. 6, p. 2887, 1973.
[144] R. A. Naumann, M. C. Michel, and J. L. Power, “Preparation of long-lived holmium-163,” J. Inorg. & Nuclear
Chem., vol. 15, 1960.
[145] J. Engle, E. Birnbaum, H. Trellue, K. John, M. Rabin, and F. Nortier, “Evaluation of 163 Ho production
options for neutrino mass measurements with microcalorimeter detectors,” Nuclear Instruments and Methods
in Physics Research Section B: Beam Interactions with Materials and Atoms, vol. 311, pp. 131–138, 2013.
[146] B. Alpert, M. Balata, D. Bennett, M. Biasotti, C. Boragno, C. Brofferio, V. Ceriale, D. Corsini, P. K. Day,
M. De Gerone, R. Dressler, M. Faverzani, E. Ferri, J. Fowler, F. Gatti, A. Giachero, J. Hays-Wehle, S. Heinitz,
G. Hilton, U. Ko¨ster, M. Lusignoli, M. Maino, J. Mates, S. Nisi, R. Nizzolo, A. Nucciotti, G. Pessina,
G. Pizzigoni, A. Puiu, S. Ragazzi, C. Reintsema, M. Gomes, D. Schmidt, D. Schumann, M. Sisti, D. Swetz,
F. Terranova, and J. Ullom, “HOLMES,” The European Physical Journal C, vol. 75, no. 3, 2015.
[147] U. Ko¨ster, Y. Calzavara, S. Fuard, M. Samuel, H. Dorrer, K. Zhernosekov, M. Harfensteller, S. Marx, and
M. Jensen, “319 RADIOISOTOPE PRODUCTION AT THE HIGH FLUX REACTOR OF INSTITUT LAUE
LANGEVIN,” Radiotherapy and Oncology, vol. 102, p. S170, 2012.
[148] L. Gastaldo et al., “Recent results for the ECHo experiment.” Proceedings of the 16th international Workshop
on Low Temperature Detectors (LTD16), Grenoble (France), 20 - 24 July, 2015. To be published in Journal of
Low Temperature Physics.
[149] “ECHo web page.” https://www.kip.uni-heidelberg.de/echo/. Accessed: 2015-11-1.
[150] L. Gastaldo, K. Blaum, A. Do¨rr, C. E. Du¨llmann, K. Eberhardt, S. Eliseev, C. Enss, A. Faessler, A. Fleis-
chmann, S. Kempf, et al., “The Electron Captureˆ{163} Ho Experiment ECHo,” Journal of Low Temperature
Physics, vol. 176, no. 5-6, pp. 876–884, 2014.
[151] L. Gastaldo, P.-O. Ranitzsch, F. von Seggern, J.-P. Porst, S. Scha¨fer, C. Pies, S. Kempf, T. Wolf, A. Fleis-
chmann, C. Enss, et al., “Characterization of low temperature metallic magnetic calorimeters having gold
absorbers with implanted 163 Ho ions,” Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 711, pp. 150–159, 2013.
[152] C. Pies, S. Scha¨fer, S. Heuser, S. Kempf, A. Pabinger, J.-P. Porst, P. Ranitsch, N. Foerster, D. Hengstler,
A. Kampko¨tter, et al., “maXs: microcalorimeter arrays for high-resolution X-ray spectroscopy at GSI/FAIR,”
Journal of Low Temperature Physics, vol. 167, no. 3-4, pp. 269–279, 2012.
[153] “HOLMES web page.” https://artico.mib.infn.it/holmes . Accessed: 2015-11-1.
[154] J. P. Hays-Wehle et al., “Thermal conductance engineering for high-speed tes microcalorimeters.” Proceedings
of the 16th international Workshop on Low Temperature Detectors (LTD16), Grenoble (France), 20 - 24 July,
2015. To be published in Journal of Low Temperature Physics.
[155] E. Ferri et al., “Pile-up discrimination algorithms for the holmes experiment.” Proceedings of the 16th inter-
national Workshop on Low Temperature Detectors (LTD16), Grenoble (France), 20 - 24 July, 2015. To be
published in Journal of Low Temperature Physics.
[156] B. Alpert et al., “Algorithms for identification of nearly-coincident events in calorimetric sensors.” Proceedings
of the 16th international Workshop on Low Temperature Detectors (LTD16), Grenoble (France), 20 - 24 July,
2015. To be published in Journal of Low Temperature Physics.
[157] M. Croce, M. Rabin, V. Mocko, G. Kunde, E. Birnbaum, E. Bond, J. Engle, A. Hoover, F. Nortier, A. Polling-
61
ton, et al., “Development of holmium-163 electron-capture spectroscopy with transition-edge sensors,” arXiv
preprint arXiv:1510.03874, 2015.
[158] “NuMECS web page.” https://http://p25ext.lanl.gov/~kunde/NuMECS/. Accessed: 2015-11-1.
[159] A. Faessler, L. Gastaldo, and F. Sˇimkovic, “Electron capture in 163Ho, overlap plus exchange corrections and
neutrino mass,” Journal of Physics G: Nuclear and Particle Physics, vol. 42, no. 1, p. 015108, 2015.
62
